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1. INTRODUCTION

1 It is generally taken for granted that the spectrum of light does not

3 change on propagation. This belief is implicit in all spectroscopy. In the

last few years it was discovered that while such spectral invariance holds for

radiation from commonly used sources it does not hold, in general, because

the spectrum of emitted radiation depends not only on the source spcctrum

but also on the coherence properties of the source. It was found that in some

cases the induced changes may be appreciable, possibly resulting in

frequency shifts of spectral lines. It has also been demonstrated that similar

3 spectral changes may be produced by scattering on random media whose

dielectric susceptibility fluctuations are appropriately correlated.

Very recently it was shown that under certain circumstances the

frequency shifts generated by dynamic scattering may imitate the Doppler

3 effect, even though the source, the scatterer and the observer are all at rest

relative to each other.I
The results appear to have considerable potential for both scientific and

technological applications, for example in the following areas:S
(I) Development of new communication techniques, some of which

g could be employed for coven operations.

(2) Improvements in the accuracy in. standards determination for

spectro-radiometric scales.

(3) Improvements in the accuracy in tracing of satellites by laser

beams.3
I



I
£ (4) Testing of theories of turbulence.

(5) Astronomical applications, especially in connection with inter-

3 pretation of some puzzling features observed in the spectra of

g various astronomical sources, particularly quasars.

I
The latest paper entitled "Correlation-induced Doppler-like frequency

3shifts of spectral lines" by E. Wolf, published in the November 13, 1989 issue

of Physical Review Letters (Vol. 63, 220-223) has attracted considerable

attention, as is evident from reports that have since then appeared in

3 various magazines in both the USA and abroad. A selection of them follows.

5, iIn this booklet we also include a list of references to all the scientific

papers which have been published on this subject so far, as well as copies of

papers which describe experimental verification of the theory. Most of the

theoretical research was carried out under the sponsorship of the ARO-URI

program at the University of Rochester, by Professor Emil Wolf and his

3students and other collaborators.

I
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PUBLISHED BY THE 1 VOL 17 NO. 36
UNIVERSITY OF ROCHESTER MONDAX NOVEMBER 13.1989

3 Physicist Emil Wolf
extends theory of spectral shifts

University professor Three years ago Wolf theo- ept ofrmtosi h
has extended his theo- rized a new cause for spectral laboratory, it is not known
ry challenging a tradi- shifts. What has come to be whether and under what con-tional tenet of modern physics known as the "Wolf Effect" or ditions the Wolf Effect occurs

-the cause of spectral shifts. -Wolf Shift" has since been in nature. Wolf and several
The work by Emil Wolf, Wilson confirmed several times ex- associates are continuing their
Professor of Optical Physics in perimentally. In his latest paper, investigations. A graduate stu-
the College of Arts and Sci- Wolf shows that the Wolf Effect dent, Daniel James, has devel-
ence, could have repercussions can shift spectral lines as com- oped a model of a medium giv-
in many areas of science and pletely as the Doppler Shift. In ing rise to such shifts. Whether
suggests our view of the uni- addition, the shift is consistent such media exist in nature isverse may need to change. Al- -each line within a spectrum is now being studied by Wolf,ready, other scientists across shifted in the same proportion. James, and University as-
the globe are applying his theo- "This mechanism can exactly tronomer Malcolm Savedoff.
ry to long-standing problems of imitate the Doppler Shift, using
physics. known principles of physics

Wolf's latest paper, 'Correla- and optics," Wolf says. 'The
tion-Induced Doppler-Like Fre- redshift can be as large or as
quency Shifts of Spectral small as you want- in principle,
Lines," appears in today's issue it can have any magnitude."
of Physical Review Letters. It Wolf's theory could have
represents an expansion of a consequences in a wide range of
principle he dcscribed in earlier areas, including astronomy,
work. In the new paper, Wolf standards specification, coding
shows how something other ofsignals, andsatellitetracking.
than gravity or the Doppler previously, Wolf showed that
Effect can produce dramatic the manner in which atoms in a
changes in the behavior of light light source are ordered (sourccor sound; in fact, the mecha- correlation) affects the way
nism Wolf has discovered can these atoms emit light and the
completely imitate the Doppler way this light travels through
Effect to any magnitude. space. When the fluctuations,

Scientists have known for or light emissions, from these
decades that light from differ- atoms are neither fully ordered,
ent sources has different spec- nor coherent (as in a laser), nor
tral patterns and that these pat- fully incoherent (as in a light
terns can help identify the bulb or candle flame), shifts can
nature of a source. By studying occur. Spectral shifts occur in
the spectral patterns emanating the realm of partial coherence.
from a star, (or example, as- To explain partial coherencc,
tronomers can determine its Wolf uses this analogy: "Picture
chemical composition. a contingent of 1,000 soldiers

Scientists have also known walking across a bridge," Wolf
that light spectra can be shifted: says. "If all the soldiers are walk.
The spectral pattern that is ing in step, that's an example of
characteristic of a certain chem- coherence. If they are all drunk
ical at a certain wavelength, for and wander randomly across
example, can be shifted to the bridge, that's an example of
shorter (bluer) or longer (red. incoherence. But if someder) wavelengths. Scientists walked in step, and some wan-
have long assumed that only dered across, that's an example

I o partial coherence."
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Newly Discovered Property of Light Spectra
May Resolve Major Dispute in Astronomy

my IM A. McDONALD
AA uusual effect of light discovered by

a UlivetIty of Rochester physicist my
Iap strmWmwn reslve the puzzle of
wy tome objects in the univerle that re
cow-lced oppoe to be traveling at diiner-
SM sp eeds.

In a piper published in this week's issueOf the journal Physical Review Letters.

Emil Wolf. a professor of opical physics at
Rochester. contends that the newly dis-
covered effect, which he predicted three
years ago. may exist on a much larger scale
than has been observed in laboratory tx-
periments.

If so. it may explain a major puzzle that

decodes.

I emning LJg t'a Characteristics
The problem concerns quasan, unusual-

ly bright, compact sources of radiation lo- .
cated in the centers of ancient galaxies. Emi Wolf: Hi d udsuppot"
tat are thought to be among the most dis- astronomers who 6elew quasars ar
11nt objects in the universe. By measuring reeding nlMer of rapidly nor as for
the spectral characteristics of the light am farl as 1heir red stu Indicat.
emitted by quasars, astronomers have de-
duced that many quasars are near the edge tlance and speed of the object receding fron
of the expanding universe, traveling out- Earth. This is because of the Doppler ef-
ward at incredible velocities. fect, a property of sound and light demon-

Those deductions have been based on strated by the sound ofa train whistle as it
the fact that the spectra from quasars are travels past an observer--becoming high-

typically shifted far to the red end of the er-pitched as it moves toward the observer
light spectrum. Scientists know that the and lower pitched (or shifting toward the

Cooiuedfrom Page A4 tances has been one of the central have been observed etperimental-
other end of the frequency spec- issues of debate among astrono- ly could be produced when a cer-
trnml as it moves away. mers for the past 20 years. rain type of light passes through a

Physicists have long known that The debate has become palicu- secondary medium, such as the at-
the Doppler effect and, to a lesser larty heated since the discovery of mosphere that surrounds a quasar
extent. gravity, can produce red quasarsm connected to galaxies, in In the laboratory, the Wolf effect
shifts in light spectra. In recent which the quasars appear to be produces a slight red shift in light
years. reearchers in the United traveling away from Earth at a that is partially coherent. Such
States. India. and Italy have con- much faster rate than the galaxies, light is produced when the fluctua-
firmed experimentally that the ef- lions, or light emissons, from the
fect predicted by Mr Wolf. now atoms in a light source are neither
known as the "*Wolf effectc also 11W QUOSUM Of Whether fully ordered.-or coherent, as in a
can affect red shifts But because laser--nor fully incoherent. as in a
the Wolf effect, like gravity, is so nd sh ift mf ml - light bulb. candle flame, or star.

aIll, astronomers have generally cous oolcal dMotn So.-e of diti...Is VlI.
discounted it in their calculations.

In his paper, however. Mr. Wolf ha bee debaedd by Although Mr. Wols model as-
shows how the Wolf effect could taumes the light from quasars is not
produce a red shift as Ip as the 2 oDOfnlWS O stellar and probably partially co-
Doppler effect for objects such as herent. astronomers say the source
quasars. He said in an interview _ _ _ _ 20 of radiation from quasars is not
that some physicists had already well understood. But if the light is
begun testing hm theory 66 see if it an incongruity that astronomers prmially coherent. Mr. Wolf said.

holds up experimentally, have been unable to explain as the fluctuations from the sec-
If true. Mr. Wolts newest pre- "'That's the conflict that has ondary source become greater, so

diction would bolster the claims of brought us to this point." said too could the red shift, until it p-
astronomers who believe quasars Geoffrey R. Burbidge. a pro(essor proeimawed the Doppler effect. •
are receding neither as rapidly nor of physics at the University of Cali- "If one provides a good-enough
as for from Fath as their red shifts fornia at San Diego who is one of model for the ato phere aound
ippear to indicate. the main proponents of the non- qua-ars, one could quantify i. he

It would almo suggest that asitron- cosmological explanation of red a id
omen may have miscakulated the shifts "The dais keep piling up Mr. Surbidge. who hs exam-
age of quasars and their distance and people keep arguing about the imed Mr Wolf's paper, said he be-
from Earth-long considered an dilemma " lieved the concept was worthy of
ifnportanl yardstick for mieaursng Mr. Wolf said the Wolf effect further examination and tetting
she size of the universe. might explain the dilemma. since "My feeling is that he may be on
S"dr7e quetion of whether red rece lst tiaionV Om to con- , the ymy to elpi us undersd

raeells ew coamolgical dis- ' J r " Mis than e y e o saf us.'" lie d.!hjiSa e hfs"b a
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Stellar
I 'yardstick'
i disputed

By David L. Chandler
GLOBE STAFF

1 ew work by a respected physicist3 N could make the almost-sacred
yardstick by which the universe
has been measured seem rubbery
and unreliable, forging a reexa-

mination of some central beliefs of modern
astronomy.

In a paper being published today in the
journal Physical Review Letters, Emil Wot
of the University of Rochester in New York
casts doubt on the accepted view that
changes in the color of light are an absolute
and accurate indicator of astronomical dis-
tances.

The new "Wolf effect" could help to ex-
plain some strange observations involving

II distant, highly energetic objects called qua-
sars, Wolf said. But some other physicists
and astronomers say the effect, while prob-
ably real in principle, is likely to be irrelevant
in the real world of Ltronomy.

The paper strikes to the heart of one of
astronomy's most cherished laws, a principle
laid down by astronomer Edwin Hubble in
1929. Hubble discovered the expansion of the
universe - the fact that all the distant objects
we see in the sky seem to be racing away
from us.

Hubble's law says that the farther away agalaxy is, the faster it is going. Therefore, its

speed cn be used as a reliable yardstick to
measure its distance from Earth.

And speed is a relatively easy thing to
measure for distant, luminous objects like
galaxies - which Hubble proved to be island
universes containing billions of stari each. To
measure their speed, astronomers need only
spread out their light through a prism or oth-
er device to separate out the rainbow colors
that make up white light.

This produces a spectrum containing

daracteristic lines of much brighter light.
These lines, produced by gases in the stars
that emit light of particular colors, have dis.
dractive spacings like the barcodes on super-
market roducts - unique "ngerprints" that

I rSTELLAR. Pagr :3o
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I SCIENCE NEWS, VOL. 136, 326, 1989. 2.5

Expanding atheory for hftin tt sumptions In both the original and up
an a theo for sstaight dated theories. Nonetheless, the ex

pansion of the theory strengthens th(
If Oscar Peterson were running along- and frenetic atmosphere thought to sur- case for a third physical mechanisn

side a speeding Ella Fitzgerald as she round quasars, mightserveasanunusual underlying spectral shifts even in light
belted out an A, he would hear an A. But if lens that restructures Incoming light to from stationary sources. University o4
the pianist took a breather while singing have redshifting or blueshifting correla- Rochester astronomer Malcolm P Save-
Ella raced on, the Doppler effect would tions upon leaving the medium. "A scat- doff says the soundness of Wolf's theory
make the note sound lower to him. tering medium of the right type between demands that scientists take It seriously

For close to a century, scientists have the source and an observer should pro- In a paper submitted to AsTROPHYSICAL

known that the wavelengths of light from duce these effects." Wolf told ScIECE JOURNAL, Savedof, Wolf and graduate
a rapidly receding source In outer space NEwS. student Daniel FV James have mathe-I also get Doppler-shifted to lower frequen- Wolf concedes that astronomers have matically modeled scattering media that
cies and so appear redder than they never reported such a scattering medium are consistent with typical models of the
would if their source remained station- and notes that he used simplifying as- environment near quasars. -I. Amato
ary. Moreover, researchers have assumedI that this so-called redshift can result only
from Doppler motion or from a gravity-
based mechanism also uncovered early
this century.I Not so, contends physicist Emil Wolf of
the University of Rochester (N.Y.). In 1986,
he published a theoretical sketch of a
third mechanism that could account fori part of the redshift of light from exotic
cosmic objects such as quasars. Several
researchers have since reported labora-
tory confirmations of the process, whichI some of them refer to as the "Wolf shift"
(SN: 9/13/86. p.166; 7/11/87, p.22).

Now Wolf reports an important exten-
sion of his theory, suggesting the processi could account for arbitrarily large shifts
toward either the red or blue end of the
electromagnetic spectrum.

In its earlier form, the theory proposed
a mechanism that could produce small
redshifts in the spectra of light emilted
from certain exotic sources. Wolf sug-
gested at the time that the shifting mech-
anism could emerge physically from
partially synchronized, or coherent, fluc-
tuations in the wavelengths of light
emitted from the countless individual
atomic and molecular "microlamps" that
make up such a source. As these emis-
sions travel through space, their original
spectrum would appear to shift in the
same way as Doppler-shifted light.

Though its astronomical conse-
quences remain unknown, the theory
could change estimates of the size of the
universe and help explain some anoma-I lous astronomical observations, Wolf
says. However, astronomers have not
rushed to adopt it. No known light source
has components that display the requiredIcorrelated fluctuations, Wolf notes. He
also blames the theory's unorthodoxy
and its arcane mathematical formulation
for its limited consideration by astrono-

I mers.
in the updated theory, described in the

Nov. 13 PHYSICAL REVIEw LETTERS, Wolf
outlines a more general - and perhaps
physically more plausible - mechanism
that could imitate Doppler shifts of any
magnitude. Instead of requiring the mi-
crolamps In the source to fluctuate InIsome correlated fashion, he now pro-
poses that a complex 'scatterlng me-
dium." such as the electrically charged
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Novel red shifts

I T NUSUAL effects in which light is
L, scattered might be causing large shifts

in the wavelengths of light in the optical
spectra of distant galaxies and quasars. This
Scould mimic the effects of the expansion of
the Universe, which astronomers believe
causes the light in distant objects to be
greatly red shifted. The phenomenon might
explain some puzzling associations of qua-
sars with galaxies which have much smaller
red shifts (Physical Review Letters, vol 63,p 2220).Emil Wolf, an optical theorist at the
University of Rochester in New York State,
has carried out calculations together with
graduate student Daniel James. They find
that large shifts in wavelength are possible
when light is scattered from media with
optical properties that change randomly in
s ace and time. Such media may occur in
the vicinity of the "engines" that drive
quasars, violent galaxies that astronomers
do not understand well at all. The shift
would be similar at all wavelengths, thus
mimicking the shift caused by the expansion
of the Universe.

Wolf first showed, a few years ago, that
small shifts could occur in light that is
partially coherent, when viewed from dif-
erent angles (Physical Review Letters, vol

58, p 2646). Researchers have since seenI such changes in the laboratory. Until his

discovery, physicists thought that such shifts
in wavelength could be caused only by the
motion of the light source, or by strong
gravitational fields.

The large shifts, which Wolf and James
redict, have yet to be demonstrated. So

far, astronomers are unconvinced. "Even if
they can be produced in the laboratory, they
may not exist in nature," says Malcolm
Savedeff, an astronomer at the University
of Rochester. 0

I
I
I
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Cosmic
theory
gets red

it casts doubt on one of thelig h t few things cosmologists
thought they knew for certain'
that red shifts can be relied onBy Robert Matthews to work out the age and fate ofScience Correspondent the universe.

Professor Wolf has discov-RESEARCH by a distinguished wred that it is possible to mimic

professor of physics is likely to ared shit ws oigle tomimi
start a major controversy about • reda sohi when light coming
the origin of the universe' erial wits certain optical Prop-

The work, published in an *ijs] that change with both
influential Journal of physics. time and location relative to the
challenges one of the funda.
mental tenets of cosmology: Details of the research arethat light from distant galaxies published in the November 13
reveals how fast the universe is isue of Physical vem beU .
expanding The process can account for aAccording to current think- rd shift of any size. Including
ing, the universe began in a cat- those associated with quasars,
aclysmic explosion - the Big the incredibly bright centres of
Bang - about 15 billion years galaxies, thought to be the most
ago and has been expanding distant objects in the universe.
ever since. Backing for Professor Wolrs

The proof for this assertion work may have already come
dates from the 1920s, when the wom a l eady comAmerican astronomer Edwin from a long-standing contro-
Aueicn dso merEd hatversy concerning these objects.Hubble discovered that galax- Photographs taken with thelea were racing away from one world's largest telescopes by Dr
another, with their speed Halton Arp, an American
increasing as distance atronomer, appear to show
increased. By measuring this physical nks between some
rate of expansion of the uni- quasars and galaxies. Yet theverse, it is possible to work out red shifts of the two objects arethe date of the Big Bang. vatly different, suggestingBut Hubble's observations they am billions of light-yearsrely crucially on the so.called
"red shift effect. This is simi- The standard explanation is
lar to the change in pitch heard that the two objects were lying
from a police car siren an It in the same part ofthe sky, and
passes by. Light coming from a were superimposed on eachreceding galaxy Is shifted ther.
towards longer, redder, wave- Professor Wolf believes his
lengths of light. By measuring now research may mean that
the "red shift" of a galaxy it is Arp's contention that the pho-
possible to estimate its speed. tographs prove that there is

The fundamental assmnption thing wrong with the red
fa that only movement away shift idea will have to be re-
from an observer can cause a examined. Others think not.
red shift. But now Emil Wolf, Professor Martin Rees, a lead-
professor of optical physics at ing astrophysicist at the Insti-
the university of Rochester, tute of Astronomy In

New York State, and graduate Cambridge, said there was
student Daniel James have plenty of evidence supporting
fmod another muse of red the conventional interpretation
shifts, which has nothing to do o red shifts.
with movement.I
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The Redshift Blues Scmwrmc Ai.ucA January 1990
New redshtft theory challenges
both physicists and cosmologists

! R edshlfts are to astronomy what

P measures are to carpentry- same in all directions) because of tur-
tapelm-uesstre to arpe bulence or the powerful Jets of mattera well-understood tool whose that quasars often emit. Such anisot-

validity hardly seems open to ques- ropy could produce the sort of corre-
tion. Modern cosmology Is rooted In lon chanism th t of tud.
the belief that essentially all observed ieton mechansm that Wolf has vtud-
redshlfts are caused by the Doppler led, generating redshfts that have
effect, whereby light emitted by a re- hitherto been atri buted to the qua.
ceding object is "stretched out" and sars' great distance from the earth. If
so shifted toward the red end of the confirmed, this finding could solve an-
spectrum. Emil Wolf of the University other quasar mystery: some quasar
of Rochester, writing In Physical Re- Jets appear to be expanding faster
view/Letters, now questions this tradi- than the speed of light. If quasars were
tional interpretation by proposing a significantly less distant than general-
previously unrecognized mechanism s/believed, the Jets would be much
that, he claims, can completely mimic smaller and their rate of expansionthe Doppler effect, within the cosmic speed limit.SWolf suggests that light can be red- Wolf Is searching for more down-to-shifted f it passes through a scat- earth applications, such as methodstering medium in which the Index of for correcting satellite-tracking sig-terain varies randomly over both nals and for improving reference stan-refraction vaesura le o th dards. He also reports Interest from
space and time. If suitable correlations the Department of Defense, which Is
exdst sihw the medim.the light wil intrigued by the possibility that artift-change frequencies even though the clally induced spectral modulation
ovell source is at rest His calcula- communice se -modr e dao
tons show that the result caIn prin- c provide the ultimate in coded
diple be a Doppler-like shift across the
entire spectrum.

Wolf's ideas have generated con-
siderable interest and controversy
among his colleagues, in part because
the big-bang theory rests on obser-
vations of redshlfts that are interpret-
ed as evidence that the universe isexpanding. Wolf hesitates to suggest
that the big-bang concept might be
wrong. "It is something that should be
looked at," he says cautiously.

More plausible, Wolf believes, is the
possibility that his mechanism may
explain long-disputed quasar-galaxy
pairings. In some Instances, quasars
and galaxies that appear to be physi-
cally associated have vastly different
.redshlfts, which indicates, by conven-
tional reckoning, that they are billions
of light-years apart. Many astrono-

mers-ncluding Christopher L. Carilli
of Harvard University, who with two
colleagues found the most recent
such association-dsmiss these asso-
cdatons as chance line-of-sight pair-
ngs. A few workers, among them Jack

W. Sulentic of the University of Ala-bama at Tuscaloosa, maintain that
they reveal either anomaei unex-

plained by the big-bang theory or else
the existence of some kind of non-
Dopplerlan redshift.

Naturally, Wolf favors the latter in-
terpretation. Matter surrounding qua-
am is probably anisotropic (not the
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Invariance of the Spectrum of Light on Propagation

Emil WolfO)
Department of Physics and Astronomy, Uniwrsry of Rochester, Rochester. New York 14627

(Received 27 January 1986)

The question is raised as to whether the normalized spectrum of light remains unchanged on
propagation through free space. It is shown that for sources of a certain class that includes the usu-
al thermal sources, the normalized spectrum will, in general, depend on the location of the observa-
tion point unless the degree of spectral coherence of the light across the source obeys a certain scal-
ing law. Possible implications of the analysis for astrophysics are mentioned.

PACS numbers 42.10Mg. 07.65.-b. 42.68.Hf

Measurements of the spectrum of light are generally where the angular brackets denote the ensemble aver-
made some distance away from its sources and in age. Now the spectral density and the self-coherence
many cases, as for example in astronomy, they are function are the "diagonal elements" (r2- r, - r) of
made exceedingly far away. It is taken for granted that two basic optical correlation functions, viz., the cross-
the normalized spectral distribution of the light in- spectral density
cident on a detector after propagation from the source
through free space is the same as that of the light in W(r. r2 . i) - f"r(rt. r 2,.)e'" dr, (3)
the source region. I will refer to this assumption as and the mutual coherence functionI the assumption of nvartance of the spectrum on prop-
agation. This assumption, which is implicit in all of r(ri, r2,t) - (E'(r.t)E(r2,t +.r)). (4)
spectroscopy, does not appear to have been previously
questioned, probably because with light from tradition- it is well known that both the mutual coherence func-
al sources one has never encountered any problems tion and the cross-spectral density obey precise prop-
with it. However, with the gradual development of agation laws. For example, in free space'
rather unconventional light sources and with the rela- (V ] +k 2)4(rr 2 ,)- 0 (1-1.2). (5)
tivel) frequent discoveries of stellar objects of an un-

familiar kind, it is obviously desirable to understand where
whether all such sources generate light whose spec- k - w/c, (6)I trum is invariant on propagation, and if so, what the
reasons for it are. Actually it is not difficult to con- with c being the speed of light in vacuo and V? being
ceive of sources that generate light whose spectrum is the Laplacian operator acting with respect to the vari-K not invariant on propagation. In this note I will show able rs. Consequently, both the mutual coherence
what are the characteristics of a certain class of sources function and the cross-spectral density and, in fact,
that generate light whose spectrum is invariant, at least also their normalized values change appreciably on
in the far zone. propagation. For example, for a spatially incoherent

From the standpoint of optical coherence theory, in- planar source W(rl.r 2,) and r(r,,r2,?) will be
variance of the spectrum of light on propagation from essentially 6 correlated with respect to r, and r2 at the
conventional sources is a rather remarkable fact, as can source plane but will have nonzero values for widely
be seen from the following simple argument. Consid- separated pairs of points which are sufficiently far away
er an optical field generated by a stationary source in from the source. This is the essence of the well
free space. The basic field variable, say the electric known van Cittert-Zernike theorem (Ref. 1, Sect.
field strength at the space-time point (r t), may be 10.4.2). In physical terms, the correlation in the field
represented by its complex analytic signal"' 2 E(r,t). generated by a spatially incoherent source may be
According to the Wiener-Khintchine theorem 3 the shown to have its origin in the process of superposi-
spectral density of the light at the point r is then tion. We thus have the following rather strange situa-
represented by the Fourier transform, tion: The correlations of the light may change drasti-

f)( cally on propagation; yet, under commonly occurring
S(r.w)- () circumstances, their (suitably normalized) diagonal

of the autocorrelation function (known in the optical elements, which represent the spectrum of the light or
context as the self-coherence function) of the field its Fourier transform, remain unchanged.
variabte. It is defined as To obtain some insight into this problem we con-

sider light generated by a very simple model source;3(r. 7) - (E*(r.t)E(r,t + 7)), (2) namely, a planar source occupying a finite domain D of
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I a plane z -0 and radiating into the half space z > 0, On substituting Eq. (8) into Eq. (10) we obtain for the
which has the same spectral distribution S 0(() at normalized spectrum in the far zone the expression
each source point P(p) and whose degree of spectralU coherences s(t 0 (p 1,p2,w) is statistically homogene- S(-)(u.w) -  (11)
ous, i.e., has the functional form ,( 0)(p 2 -p 1,0). fk2S(°) (v)ji 01 (ku±. a)dw
The cross-spectral density of the light across the It is clear from Eq. (11) that the normalized spec-
source plane is then given by trum of the light depends on the direction u; i.e., it is

WI°)(PlP2-oW) in general not invariant throughout the far zone.
However, it is seen at once from Eq. (1) that it will

-e(p)(p 2)S(°~)tOl°(p 2 -p .), (7) be invariant throughout the far zone if the Fourier

where e(p)- I or 0 according to whether the point transform of the degree of spectral coherence of the
P(p) is located within or outside the source area D in light in the source plane is the product of a function of

I the plane z - 0. frequency and a function of direction, i.e., it is of the
We will also assume that at each effective frequency form

w present in the source spectrum, the linear dimen- -j0)(k uow).F(.)f(u, (12)
sions of the source are much larger than the spectral
correlation length [the effective width A of Is(°)(p',  In this case Eq. (11) reduces to
w )I]. Sources of this kind belong to the class of so- k1S(')FG(3

called quasihomogeneous sources, 6 which have been ex- S(-)(u, W) - f2S(°D((d)F~d) (13)
* tensively studied in coherence theory in recent years. fk2S(oJ)F(w)dw

Most of the usual thermal sources are of this kind.
The radiant intensity J(u), i.e., the rate at which and the expression on the right is independent of theE energy is radiated at frequency w per unit solid angle direction u.

around a direction specified by a unit vector u, is given I will now show that the condition (12) has some in-
by the expression [cf. Ref. 6, Eq. (4.8)] teresting implications, which follow from the fact that

J.(u) -kASO)(o)A(O)(kuW)CoS
2 O. (8) A(0) is a correlation coefficient. Before doing this we

J(note that since u is a unit vector, lu I < 1. However,
In this formula, A is the area of the source, we will now assume that the factorization condition

AM - - 2(12) holds for all two-dimensional vectors u, (0
f (9) - IulI < o ). This assumption will be trivially satis-

(27) 2  fied if the degree of spectral coherence .( 0)(p'. W) is,

is the two-dimensional spatial Fourier transform of the at each effective temporal frequency w, band limited
degree of spectral coherence, u, is the transverse part in the spatial frequency plane to a circle of radius k
of the unit vector u, i.e., the component of u (con- about the origin; in more physical terms this condition
sidered as a two-dimensional vector) perpendicular to means that iA'°)(p',w) does not vary appreciably over

the z axis, and 9 is the angle between the u and the : distances of the order of the wavelength X - 27rc/w.
directions (see Fig. 1). Evidently the normalized spec- With this being understood let us take the Fourier
tral density S(')(u,ai) at a point in the far zone, in transform of Eq. (12). We then find at once that
the direction specified by the unit vector u, is given by (0) (P,. )

S()(u.') -J.(u)/fJ.(u)dw. (10) - F(,)fHR(u,)exp(iku,. p') d2(ku,). (14)
i.e.,

I(°)(p'. w) - k'F(w)H Up'). (15)

where H is, of course, the two-dimensional Fourier
transform of Hf. Since Mu'0 (p'.w) is a correlation co-

2 efficient it has the value unity when p'- 0, i.e.,

A()(0,w)- 1. for allw . (16)

3 no,,._ and hence Eq. (15) implies that

source source k/0'?e kF()- [H(0)1- '. (17)

Since the left-hand side of Eq. (17) depends on the
FIG. I. Illustration of the notation. frequency but the right-hand side is independent of it,

*1371
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each side must be a constant (a say) and consequently ly largely responsible for the commonly held, but
2  nevertheless incorrect, belief that spectral invariance is

F(w) -a/k .  (18) a general property of light.
Two important conclusions follow at once from This Letter has dealt with what is probably the sim-

* these results. If we substitute Eq. (18) into Eq. (13) plest problem regarding spectral invariance on prop-
we obtain the following expression for the normalized agation. It would seem that some significant questions
spectrum of light in the far zone: in this area might be profitably studied. Among them

S10) (w) are the elucidation of the physical origin of the scaling
S,(lu, W) fSS (wlc)(19) law, spectral properties of light from a broader class of

sources than considered here, the relation between the
This formula shows that not only is the normalized scaling law and Mandel's results regarding cross-I spectrum of the light now the same throughout the far spectrally pure light," 9 and relativistic effects. Appli-
zone, but it is also equal to the normalized spectrum of cations of the results to problems of astrophysics
the light at each source point, might be of particular interest; at this stage one might

Next we substitute Eq. (18) into Eq. (15) and set only speculate whether source correlations may
aH-h, p'- P2-P I We then obtain for #A"' the ex- perhaps not give rise to differences between the spec-
pression trum of the emitted light and the spectrum of the

A(')(p2-P I. )- h Ik (P2 -P ) detected light that originates in some stellar sources.
It is a pleasure to acknowledge stimulating discus-

(k - w/c) (20) sions with Professor Leonard Mandel about the subject

i.e., the complex degree of spectral coherence is a matter of this note. This research was supported by
function of the variable f - k (p2- Pl) only. We will the National Science Foundation and by the Air Force
refer to Eq. (20) as the scaling l w. Obviously for a Geophysics Laboratory under Air Force Office of
source that satisfies this law, the knowledge of the de- Scientific Research Task No. 2310G1.
gree of spectral coherence of the light in the source
plane at any particular frequency w specifies it for all
frequencies.

The scaling law (20), which ensures that for sources
of the class that we are considering the normalized ( Also at the Institute of Optics, University of Rochester,

spectrum of the light is the same throughout the far Rochester, N. Y. 14627.

zone and is equal to the normalized spectrum of the IM. Born and E. Wolf, Principles of Optics (Pergamon, Ox-

light at each source point [Eq. (19)], is the main result ford and New York, 1980), 6th ed., Sect. 10.2.
2L. Mandel and E. Wolf, Rev. Mod. Phys. 37, 231 (1965).

of this note. 3C. Kittel, Elementary Statistical Physics (Wiley, New York.
It is natural to inquire whether sources are known 1958), Sect. 28.

that obey this scaling law. The answer is affirmative. 4E. Wolf, J. Opt. Soc. Am. 68, 6 (1978), Eqs. (5.3).
Many of the commonly occurring sources, including 5The degree of spectral coherence is defined by the for-
blackbody sources, obey Lambert's radiation law [Ref. mula Icf. L. Mandel and E. Wolf, J. Opt. Soc. Am. 66, 529
1, Sect. 4.8.11. It is known7 that all quasi-homo- (1976)]
geneous Lambertian sources have the same degree of w(0)(P .P2. 0)
spectral coherence, viz. A ()(p.P2.0a) - [w _(O'( . , W) ]"'I 14, (P2. 2, W) 12•

IAo)(P2-PI, )-sin(klp2-pll)/kIP2-Pi, (21) 6W. H. Carter and E. Wolf, J. Opt. Soc. Am. 67, 785
which is seen to satisfy the scaling law (20). Accord- (1977).
ing to the preceding analysis such sources will generate 7W. H. Carter and E. Wolf, J. Opt. Soc. Am. 65, 1067
light whose normalized spectrum is the same (1975).
throughout the far zone and is equal to the normalized IL. Mandel, J. Opt. Soc. Am. 51, 1342 (1961).
spectrum at each source point. This fact is undoubted- 9See, Mandel and Wolf, Ref. 5.
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Non-cosmological redshifts their strengths.
A generalization of the elementary formula (4) for radiationof spectral lines from three-dimensional steady-state (that is, statistically station-ary) sources of any state of coherence is known' . Of special

Emil Wolf interest in the present context is the form that the formula takes
when the source has the same normalized spectrum sQ(wo).

Department of Physics and Astronomy, and Institute of Optics, (J, SQ(') dw = 1) at each point in the source region and has a
University of Rochester, Rochester, New York 14627, USA degree of spectral coherence3 (appropriately normalized cross-

spectral density) "o(rl, r2, W) that depends on the position vec.
tors r, and r2 of any source points Pt and P2 only through their

We sbowed in a recent report' (see also refs 2-4) that the normal- difference r2- rl. If, in addition, for each frequency that sig-
ized spectrum of light will, In general, change on propagation in nificantly contributes to the source spectrum, the spectral corte-
free space. We also showed that the normalized spectrum of light lation length [the effective spatial width IAr'l of 1A(r, 'a )'] is
emitted by a source of a well-defined class will, however, be the small compared to the linear dimensions of the source, the
same throughout the far zone if the degree of spectral coherence normalized spectrum s'V (u, wu) of the emitted light in the far
of the source satisfies a certain scaling law. The usual thermal zone, in a direction specified by a unit vector v, becomes (see
sources appear to be of this kind. These theoretical predictions equation (3.11) of ref. 8)
were subsequently verified by experiments. Here, we demonstrate s(to)4o(ku, w)
that under certain circumstances the modification of the normal- s40C(u ) = (6
bed spectrum of the emitted light caused by the correlations ' sQ(w)j;Q(ku, w) dO(

between the source fluctuations within the source region can pro- where gQ(K, w) is the three-dimensional spatial Fourier trans-
duce redshifts of spectral lines in the emitted light. Our results form of the degree of spectral coherence AQ(r','a)
suggest a possible explanation of various puzzling features of the lMQ(r2 - r,, w ).
spectra of some stellar objects, particularly quasars. Let us now choose as the normalized source spectrum sQ( .

To explain why source correlations influence the spectrum of a spectral line with a gaussian profile
the emitted light consider a very simple example. Suppose that
two point sources P, and P2 have identical spectra So(w) and SQ(W) =[ex p -(w-w0)2/26"] (6<<u ,) (7)
that measurements on the emitted field are made at some point
P. The sources are assumed at rest relative to an observer at P. and suppose that at each effective frequency w,, the source
Assuming that the source fluctuations can be described by a correlation decreases with the separation r'l = r2r- r,l of any t~ko
stationary ensemble, the field at P may be characterized by an
ensemble { V(P, w)) of frequency-dependent realizations6, each source points in a gaussian manner, that is
of the form pQ(r', wa) = exp [-r 2 /2o',(&))1 (8)

•=Q ,  e ,kR "  On taking the Fourier transform of equation (8) and substituting
V(~ w)--+ Q(P,'a) R • (1) the resulting expression into equation (6) we obtain the follok-

ing expression for the normalized spectrum of the emitted light

where {Q(P, w)), (j = 1, 2), characterize the strengths of the in the far zone (see equation (3.21) of ref. 8)
two fluctuating point sources, R, and R 2 are the distances from
P, to P and from P2 to P respectively (see Fig. 1) and k - w/c, () SQ(,)' (a)) exp f-f[k,,(w)]-'

c being the speed of light in vacuo. For simplicity polarization J s(w),'c(w) exp {-[ku.,(w)] dw

effects are ignored and hence V and Q are taken to be scalars. HThe spectrum or the light at P is then given by Here, s T"(w) is written in place of s'v"(u, w), because the

spectrum of the far field is now independent of u, as a con-
Sv(P, w)=(V*(P, oW)V(P, W)) (2) sequence of the assumed isotropy of gQ (see equation (8)).

where the asterisk denotes the complex conjugate and the The formula (9) shows that the spectrum of the emitted light
wer trastersk denotes the ensemble average. On substituting in the far zone depends both on the spectrum of the source
angular brackets denote e n(b) ad n subsitting fluctuations and on the manner in which the effective source
from equation (1) into equation (2) and using the fact that correlation length a,,(w) depends on the frequency w.

(Q*(P,,w)Q(P, ,w))=(Q*(P 2,w)Q(P 2,'w))=So(w) (3) Let us consider two particular cases. (1) Suppose fiist that

the following expression is obtained for the spectrum of the 0',,('a) is independent of w. Letting ; denote the (nou constant)
emitted light at P: value of o., and with so(w) given by equation (7), one can

readily evaluate the integral in the denominator on the right of

SO(P,W)=(I + I S equation (9) and one then finds that
' R) P2...+sQ) e R [ -(u ) 1i2 (61a2 ()0J

,) - + cc.] (4) where

Here 2=+ (,)2 (Ila)

WQ(P, P2, W) = (Q*(P,, W)Q(P, W)) (5)
and

is the so-called cross-spectral density of the source fluctuations
and c.c. denotes the complex conjugate. b)

The formula (4) shows that the spectrum Sv(P, ') is, in A c
general, not just proportional to So(w) but is modified by the When the source is effectively spatially incoherent.C- 0. Then
correlation, characterized by Wo(PI, P2, w), between the fluctu- according to equation (11) A-# c and a - I and it follows from
ations of the two source strengths Q(P t , w) and Q(P 2, wa). Only equations (10) and (7) that in this case
in some very special cases, for example, when the source fluctu- s(% (t) . so(W)  (12)
ations are uncorrelated [WO(PI , P2,o)=0] will SI(P, w) be
proportional to So('a). Hence, in general, the spectrum of the Hence, in the limiting case of a completely incoherent source
light generated by two point sources depends not only on their of the class that is considered here, the normalized spectrum of
spectra but also on the correlation between the fluctuations of the emitted light in the far zone is identical with the normalized



I
P

(ifcOhertni limitl

R 0. .0.6oI.RI' C. IXo

R2 400.6-

0.2

Fig. I Illustrating the notation relating to derivation of the 0 .
formula (4). 3.25 3.75 4.0 4.25

spectrum of the source fluctuations. Fig. 2 Spectra sv '(w) of the far field from sources with spectrum
However, when the source fluctuations are correlated over an So(cO) = (6v )-' exp [-(a- aao) 2/2a2] and degree of spectral

effective distance >0, equation (10) shows that the spectrum coherence jLo(r',w)-exp(-r'/2 2 ), with wo-3.887x0's - '

s''(w ), although it is also a line with a gaussian profile, is (Ao-4,861 A) and 6=9.57x 10" s-', for several selected values
centred at a lower frequency wa' -, o/ a2 < Wo. Hence the source of the effective source-correlation length 1. The solid curve (C-,0)
correlations give rise to a spectral line s '(w) that is redshifted also represents the source spectrum soow).

with respect to the spectral line produced by the completely
spatially incoherent source with the source spectrum so(wo). The for the spectrum of the light emitted by a planar secondary
shifted line is narrower, having root-mean-square width 8'= source of a well-defined class to have certain invariance
-/a < 5 and has a-times greater height. Examples of spectra properties on propagation. It will be shown in another publica-
of light in the far zone, produced by several sources which emit tion (J. T. Foley and E. Wolf, in preparation) that for three-
the same spectral line but which have different correlation dimensional primary sources of an analogous class, whose
lengths are shown in Fig. 2. From the formula (10) one can degree of coherence satisfies this law, the spectrum of the emitted
readilh deduce that the relative shift of the line, namely, light has similar invariance properties. We conjecture that the

AO - A W, - usual thermal sources obey such a scaling law.
- M (13) Now briefly consider the question of a physical mechanismA, WO' for producing source correlations. Such correlations must clearls

(An= 2 irc/ wo, A;o= 2c/)o' is given by be manifestations of some cooperative phenomena. At the

R( atomic level possible candidates may perhaps be superradiance

=(14) and superfluorescence9. An effect of this kind was first predicted
by Dicke in 1954 when he showed ° that under certain circum.

which th atsp ntr is ce- tere ht increases quadratically in a much shorter time than the natural lifetime of the excited

with the spectral source-correlation length .(2) Next consider states of the atoms and with much larger emission intensity than
the situation when a(wi) = a/a' where a is a positive constant. would be obtained were the atoms radiating independently.
The expression (9) for the normalized spectrum of the emitted
light in the far zone now reduces to 1

Ii s ( () = jo [So(,w] dw (15).0

Note that this expression is independent of the value of the 0.8 W)
constant a. -

When sQ(aI) is a line with a gaussian profile, given by equation l0.h
(7), the spectrum S7v(a'), given by equation (15) is no longer o.
strictly gaussian but it can be closely approximated by a gaussian
and can be shown to be redshifted with respect to o(w) by the
relative amount 0.4-/I ,,,(,) (6 0.2

An example of this situation is illustrated in Fig. 3.
This case [j() a/o] is of special interest because, accord- 0

ing to equation (8), the degree of spectral coherence is now 3.7 3.s 3.9 4.0 4.1I ~ ~given by l0s
b o(r', wa) - exp [-(kr')212(alc)], (17)

that is, it has the functional form Fig. 3 The spectrum slv')(,) of the far field from a source with
source spectrum 8O(i) - (8,/)' exp [-(.- 0 )2/26 ' ] and

o(r',.w)-f(kr') (k =/,c-2r/A) (18) degree of spectral coherence tso(r',,)exp[-(kr' 2 /2(n/c)]
(a=an arbitrary constant), with ,,o-3.87 xl0's -' (A,-

Thus the degree of spectral coherence of the source distribution 4,361 A) and 6 - 9.57 x 10'" s-'. The source spectrum SQ(,) is
flow satisfies the three-dimensional analogue of a requirement shown for comparison. Note that 1,0(r', w) now obeys the scaling
(called the scaling law) derived in ref. I, as a sufficient condition law.
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However not enough is known at present about the coherence It seems worthwhile to note that there is a maximum line shift
properties of large three-dimensional systems of this kind to that can be produced by source correlations. This can be seen
make it possible to determine whether superradiance and super- from the basic formula (6) which indicates that s' .'(u, W) = 0
fluorescence might involve correlations that :ould give rise to when s,(&a) = 0, implying that the spectrum of the far field can
spectral line shifts. only contain those frequencies that are already present in the

There is, however, quite a different mechanism, which can be source spectrum. Consequently the maximum attainable
described at the macroscopic level, and which can imitate effects frequency shift of the line cannot exceed its effective frequency
of source correlations; namely effects of correlations between range. However, any frequency contribution from the source
the refractive index at pairs of points in a spatially random but spetrum to the normalized spectrum of the far field can be
statistically homogeneous, time-invariant medium. If a wave greatly magnified or greatly reduced, as is evident from equation
illuminates such a medium, say a dilute gas, then, as is well (6) and from Fig. 2.
known, the medium acts as a secondary source, namely as a set We have mainly considered effects of source correlations
of oscillating charges set in motion by the incident wave. The under circumstances when the source spectrum consists of a
secondary waves produced by the oscillating charges then com- single line and when the degree of spectral coherence Ac that
bine with each and with the incident wave and generate characterizes the source correlations depends on a single para-
the scattered If the gas is not too dilute the collective meter. Preliminary calculations show that with a suitably chosen
response of the microscopic charges to the incident field can be JQ which depends on a larger number of parameters, redshifts
described by macroscopic parameters such as the dielectric of several lines may be produced, all of which will have approxi-
susceptibility or the refractive index. Now within the accuracy mately the same z-values.
of the first Born approximation the basic equation for scattering In this article we have considered redshifts of spectral lines.
is of the same form as the basic equation for radiation from However, it is not diffcult to specify source correlations which

primary sources, the 'equivalent source' for scattering being the will produce blueshifts. Examples of this kind are given in a
product of the scattering potential (which is a simple function forthcoming publication".
of the refractive index) and of the incident wave. This correspon- It seems plausible that the mechanism discussed in this article
dence clearly implies that our results regarding the effects of may be responsible for some of the so far unexplained features
source correlations on the spectrum of the emitted light must of quasar spectra, including line asymmetnes and small differ-
have analogues regarding the effects of a spatially random ences in the observed redshifts of different lines. In this connec-
medium with correlated refractive index distribution on the tion it is of interest to recall that the role of coherence in the
spectrum of the light that is scattered by it. This topic will be emission of radiation from quasars was stressed by Hoyle.
discussed elsewhere. Burbidge and Sargent in a well-known article' t .

Let us now consider some implications of this analysis. Using I thank Mr A. Gamliel and Mr K. Kim for carrying out
equation (14), the spectral line in Fig. 2, produced by the source computations relating to the analysis presented in this article.
whose correlation length ;" = AO is readily found to have a redshift The fact that scattering can also produce shifts of spectral lines
given by z = 0.0241 with respect to the source spectrum. It is of was noted independently by Professor Franco Gori, who in-
interest to note that if an observer detected such a redshift formed me of this result when commenting on an early version
unaware of its true origin and interpreted it on the basis of the of the manuscript of this article. This investigation was
Doppler shift formula v/c=AA/, =z he would incorrectly supported by the NSF and by the US Air Force Geophysicalconclude that the source was receeding from him with a speed Laboratory.
v = O.0241c - 7,230 km s-'.
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Red Shifts and Blue Shifts of Spectral Lines Emitted by Two Correlated Sources

Emil Wolf" '

Department of Physics and Astronomy. Uniwersity of Rochester, Rochester. New York 14627
(Received 24 February 1987)

It has recently been shown theoretically that correlations between fluctuations of the source distribu-
tion at different source points can produce red shifts or blue shifts of emitted spectral lines. To facilitate
experimental demonstration of this effect a simple example is analyzed. It involves only two small ap-

propriately correlated sources and brings out the essential physical features of this new phenomenon.

I PACS numbers: 42.68.Hf, 07.65.-b, 42. 10Mg

I showed not long ago that the spectrum of light pro- The main features of this theoretical prediction haveE duced by a fluctuating source depends not only on the been confirmed by Bocko, Douglass, and Knox, using
source spectrum but also on the correlation that may ex- acoustical rather than optical sources. An account of
ist between the source fluctuations at different points their experiments is given in the accompanying Letter.5

i within the domain occupied by the source.' This result Let us consider two small fluctuating sources located
was recently confirmed experimentally. 2 1 also showed at points P, and P2. I assume that the fluctuations are
that under certain circumstances source correlations may statistically stationary. Let IQ(Pl,w)) and {Q(P 2,W)1
produce red shifts or blue shifts of spectral lines in the be the ensembles that represent the source fluctuations 6

emitted radiation. 3.4 This prediction has obviously im- at frequency w. Furthermore, let {U(P,1) be the en-
portant implications, particularly for astronomy, and it is semble that represents the field at point P generated by
therefore desirable to verify it also by experiment, the two sources (Fig. I). Each realization U(P,w) may

In this Letter I analyze theoretically one of the sim- then be expressed in the form'
plest systems that will generate spectral shifts by this IkR,
mechanism; namely, two small correlated sources, with u(P,) i(pR,2)e__+Q(pm) e
identical spectra consisting of a single line of Gaussian R R 2
profile. I show that with an appropriate choice of the
correlation, the spectrum of the emitted radiation will where R, and R 2 are the distances from P, to P and
also consist of a single line with a Gaussian profile; ;hw- from P2 to P, respectively, and k "w/c, c being the speedI ever, this emitted line will be red shifted or blue shifted of lignt in free space. The spectrum of the field at the
with respect to the spectral line that would be produced point P is given by
if the sources were uncorrelated, the nature of the shift Sv(P,o) -(U*(P,W)U(P,)), (2)i depending on the choice of one of the parameters that
specifies the exact form of the correlation coefficient. where the angular brackets denote ensemble average.

On substitution from Eq. (1) into Eq. (2), we find that

I SL,(P,o) -(IIR ?+ IIR )S(w) + W(P,P 2,)e'k(R2-R 1 /R 1R 2+c.c.J. (3)

HereSQ(W) -(Q* (P ,W)Q(PJ,W)) -(Q* (P2,W)Q(P2,W)) (4)

is the spectrum (assumed to be the same) of each of the two source distributions,

WQ(P1,P 2 ,W)-(Q(PI,0)( 2,)) (5)

I is the cross-spectral density of the source fluctuations (first paper of Ref. 6, Eqs. (3.3) and (5.9)], and c.c. denotes the
complex conjugate.

The degree of spectral coherence at frequency w, which is a measure of correlation that may exist between the two
fluctuating sources, is given by the formula

,Q(p ,,p2,m ) - WQ(pI.p2,01)SQW .(6
I The normalization in Eq. (6) ensures that 0: IMQ(P1,P 2,€o)1 51 1. The extreme value IMQI -I characterizes com-

plete correlation (complete spatic.l coherence) at frequency w. The other extreme value, -0, characterizes complete
absence of correlations (complete spatial incoherence).I On substituting for WQ from Eq. (6) into Eq. (3), we find that

Su(P,w) "SQ(W){I/R?+ l/RI'+ [pQ()eik(,- ,) /RR 2+c.c.1], (7)

I 2646 0) 1987 The American Physical Society
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1.01

R(b (c)

P, 0.8
Pii

R2
- 0.4-

p2 0.2

FIG. . Geometry and notation relating to the determina- k
tion of the spectrum Su(P,to) of the field at P produced by two 0 - ,
small sources with identical spectra SQ(w) located at P, and 4.32199 4.32200 4.32201 4.32202
P (units: lO°5 s -c

"
)

FIG. 2. Red shifts and blue shifts of spectral lines as pre-
where i have omitted the arguments P, and P2 in p. For dicted by formula (12). The spectrum SQ(a) of each of the
the sake of simplicity, let us choose the field Point Fo two source distributions is a line with a Gaussian profile giventhe ake o f sepe iculet bisechoo the fied oinig P t by Eq. (9) with A-i, ae-4.32201x10 5s sec - ' (Hi line
lie on the perpendicular bisector of the line joining 1 -).4358.33 A). -5xl0' sec-'. (a) The field spectrum
and P2. Then RI-R 2 (-R, say) and formula (7) Su(P,.) at P when the two sources are uncorrelated (pQO).
reduces to (b),(c) The field spectra at P when the two sources are corre-

I[(8) lated in accordance with Eq. (10), with a-l.8, 6,-7.Sx109Su(P, -(21R2)S (W)[I +sReu(w), () ec-1 and (b) wi-aft-2&6 (red-shifted line), (c) wl-wao
where Re denotes the real part. +260 (blue-shifted line).

We note in passing that when eitherugWIE*O(mutu-
ally completely uncorrelated sources) or when ju()= 1
(mutually completely correlated sources), the spectrum
Su(P,ra) of the field at the point P will be proportional By straightforward calculation one can show that this
to the spectrum Sg(w) of the source fluctuations. How- expression may be rewritten in the form
ever, in general this will not be the case. In fact, it is
clear from formula (8) that the field spectrum may differ Su(P,w) -A'e-("-) 2/2 , (12)
drastically from the source spectrum, the difference de- where
pending on the behavior of the correlation coefficient
uq(a ) as a function of frequency. A '- (2Aa/R 2 )e -e - ) , (13)

Suppose now that the spectrum of each of the two
sources consists of a single line of the same Gaussian ao-(6?o~o+6Jt)/(8,+8?), (14)
profile, and

Sg(w) -A• -(e- 1 )'2 , (9) l/as- l/ 1+ / (15)

where A, wo, and 60 (<< wo) are positive constants. Sup- On the other hand, were the two sources uncorrelated,

pose further that the correlation between the two sources the correlation coefficient ug would have zero value and

is characterized by the degree of spectral coherence we would then have, according to Eqs. (8) and (9),

p(w) -a e -(w-,)3/2J _, (10) [SU(P, )]u (2A/R 2)e ( ,,- /2j (16)

where a, w, and 8 (<<ol) are also positive constants. In Comparison of Eq. (12) with Eq. (16) shows that al-

order that expression (10) is a degree of spectral coher- though both the spectral lines have Gaussian profiles,

ence, I must also demand that a 2. On substituting they differ from each other. Since according to Eq. (15)

from Eqs. (9) and (10) into Eq. (8), 1 obtain the follow- J% < 60, the spectral line from the correlated sources is

ing expression for the spectrum of the field at the point narrower than the spectral line from the uncorrelated

P: sources. Further, we can readily deduce from Eq. (14)

Iu~p~) _ ' --- , that
S2(Aaw) = -(.-.)'12g-e (I l) (264

I 2647



VOLUME 58, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1987

I according as Force Office of Scientific Research Task No. 2310GI.

i Hence if mi < ak the spectral line (12) produced by the (aAlo at the Institute of Optics, University of Rochester,
correlated sources is centered on a lower frequency than Rochester, NY 14627.
the spectral line (16) from two uncorrelated sources, i.e., IE. Wolf, Phys. Rev. Lett. 56, 1370 (1986).
it is red shifted with respect to it; and if w, > a the 2G. M. Morris and D. Faklis, Opt. Commun. 62, 5 (1987).
spectral line (12) is blue shifted with respect to the spec- 3E. Wolf, Nature 326, 363 (1987).
tral line (16). Figure 2 illustrates these results by simple 4E. Wolf, Opt. Commun. 62, 2 (1987).
examples. SM. Bocko, D. H. Douglass, and R. S. Knox, following

The preceding considerations show clearly the possibil- Letter tPhys. Rev. Lett. 58, 2649 (1987)).
ity of generating, by means of correlations between 6The space-frequency representation of stationary sources
source fluctuations, either red shifts or blue shifts of lines and stationary fields used here was formulated by E. Wolf, J.
in the spectrum of radiation emitted by sources that are Opt. Soc. Am. 72. 343 (1982), and J. Opt. Soc. Am. A 3, 76
stationary with respect to an observer. 7To bring out the essential features of the phenomenon, I ig-

I am obliged to Mr. A. Gamliel for carrying out the nore polarization properties of the light. Hence the functions
computations relating to Fig. 2. This research was sup- U and Q are considered here to be scalars.
ported by the U.S. National Science Foundation and by IL. Mandel and E. Wolf, J. Opt. Soc. Am. 6, 529 (1976),
the U.S. Air Force Geophysics Laboratory under Air Sect. Ii.
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SPECTRAL MODULATION BY CONTROL OF SOURCE CORRELATIONS *
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and

Emil WOLF'
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Received 16 Sepiember 199'

It has recentl been demonstrated both theoreticall. and experimentall. that the spectrum of light emitted b% a source can be
modified b. changing the correlation properties of the source We examine the possibilht. of using this mechanism to modulate
spectra in a desired manner. A simple configuration is considered. consisting ofto small sources, emitting identical spectra! linesand %e shot that b' suitabi% correlating the sources one can control the width. the amplitude and the frequenc of the emittedlight The possibiithi of generating se' eral lines from a single one as also considered

1. Introduction spectral lines can be frequency shifted. made nar-
rower or broader and that several lines ma\ be gen-

It has been shown lheoiretical]\ not long ago 1 erated from a single line b) this mechanism. These

that the spectrum of light emitted b. a source de- results suggest that it might be possible to develop a
pends not onl) on the source spectrum but also on new technique for modulating spectra in a desired
the correlation properties of the source. This pre- manner b) control of source correlations.
diction has been verified by experiments [2a]. The
spectral changes that may arise from source corre-
lations ma\ be such as to produce frequency shifts of 2. Formulation of the problem
spectral lines [3-5) either towards lower frequencies
(red shifts) or towards higher frequencies (blue Consider light generated b) two small fluctuating
shifts). Such shifts have recently been demonstrated sources located at points P, and P2. We assume that
by experiments with optical [2b] and also with the fluctuations are statistically stationar). Let {Q(P,.
acoustical [6) sources. w)) and {Q(P 2. w)) be the ensembles that represent

In the present note we show that source-correla- the source fluctuations at frequency w. Further let
tions can give rise to other interesting modifications {LU(P, w)} be the ensemble that represents the field
of spectra. We consider only a simple arrangement, at P, generated b) the two sources (fig. I ). We as-
consisting of two small sources which generate ra- sume that the spectra of the two source-distributions
diation of identical spectra, and we analyze the ef- are identical and we denote them b) Sc(w). More
fects of correlation between the two sources on the specifically
spectrum of the emitted radiation. We show that

Research supported b) the National Science Foundation and <(V (P2 .C) Q(P 2 ,W)>Ib) the U.S Arm) Research OfficeAlso at the institute of Optics. Universiti of Rochester. where the angular brackets denote ensemble average

9 0 030-4018/883$03.50 C, Elsevier Science Publishers B.V. 91
(North-Holland Physics Publishing Division)I
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Hence. in general. not only the source spectrum but
also the correlation between the two sources will de-
lermine the spectrum of the emitted light.

Not long ago it was shown theoreticall) 13-51 that
in some cases sources-correlations can produce shifts
of spectral lines either towards lower frequencies (red
shifts), or towards higher frequencies (blue shifts).

This prediction has recently been verified experi-

Fig 1. Illustrating the configuration and notation mentally with optical [2b] as well as acoustical 1 6]
sources. In this note we will show that with suitable

It has been shown in ref. I5 ] that the spectrum of choices of the correlation other i.pes of modulations

the field at a point P is given by of the spectrum of the emitted radiation ma) be

SL (P, Sproduced.

(11X . fkR: R :) 3. A realizability condition
(2.1) It will be convenient to set

Here R, and R2 denote the distances between P, and
P anA P, and P respectively: R denotes the real part
and po( o), known as the degree of spectral coher- We will refer to SL ( w) as the reduced field spectrum.
ence. characterizes the correlation between the two For the sake of simplicity we will consider source-
fluctuating sources. Explicitl). correlations that are characterized b. a real degree of
PQio(w)= [(Q*(P,,w) Q( w))1SO(w). (2.2) coherence. Then eq. (2.4) becomes

The degree of spectral coherence satisfies the St.(W)=SO(w) [I +p(W) ] . (3.2)

inequalit) It follows at once from this formula. that in terms of

IOM(Wo)l I (2.3) St and S,.

I for all frequencies. O() ISt.(W)SQ()]I (3.3)

For simplicity we will only consider the spectrum From the inequality (2.3) and from eq. (3.3) it fol-
of the emitted radiation at points located on the per- lows that only reduced field spectra S,.(w) can be
pendicular bisector, which we will refer to as the axis, generated for which
of the line joining the two sources. In this case SL.((o)(2SO(w) . (3.4)
R 2=R(,R say) and eq. (2.1) reduces to

( 2St.(w) and SQ(w) are, of course, necessarily non-S t .( P . w) -= (2 1R ) S o ( co ) [ I i io (2 .4 )n e a i .I negative.
We note that when RuQ(w) is independent of w, the Conversely, when the inequality (3.4) is satisfied
spectrum of the field at all axial points will be pro- one finds at once from eq. (3.3) that
portional to the source spectrum SO(w). This in- -l(/q(W)(l. (3.5)
dudes the case where the two sources are mutually

incoherent at each frequency I[g(w) a 0]. It also in- Since the inequality (3.5) is the only constraint that
cludes the case when App(w) a 1; the two sources the degree of spectral coherence p(c) must satisf).
are then mutually fully coherent at each frequency. we see from eq. (3.4) that any reducedfieldspectruni
These are, however, exceptional cases. In general, SE.(w) which does not exceed twice the magnitude of
D p0 (w) wil be frequency-dependent and eq. (2.4) the source spectrum Sq(w) can, in principle, be gen-
shows that the field spectrum St(w) will then be no erated by this mechanism.
longer proportional to the source spectrum S0(w). We will now consider a few examples.

j 92| ,
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4. Change of lineuidth 2

4. . Loreniian line shapes

Let us assume first that the source spectrum con-

sists of a spectral line of lorentzian profile, viz.,i, +(4.1)

(we. T. A(, are positive constants and r0rWo). ss5
Suppose that we wish to produce a reduced field

spectrum that consists also of a line of lorentzian
profile centered on the same frequency wo. but is of ,,,v ns 3773. '
a different width and of different strength, sa) j il

i S,(W)=.,/(to -to) + ] (4.2) (b)

(r,. .4, are positive constants and )r,cwo). On
substituting from eqs. (4.1) and (4.2) into the in- ,,
equality (3.4) we find that we must have

(A,/ Ao)Low)],. 1E2 , (4.3) "6

Nwhere Lf0(w)]., is the maximum value, in the range IAIowc. of the functionV_
f1(w)= [(w-wo): +r ]1i(w~w3:+rj]. (4.4) 6.1

Straightforward calculation shows that for all (po-
sitive) frequencies w. 3.s5 .17 s'71 r " -i

I(FolF',)"'4foicu)<l, ifr, >r,, 14.5a )

j <fo(w) (Tiro/):, if r, < r, . (4.5b) Fig 2 Line narroaing and line broadening b. source correla-
lions The source spectrum and the reduced field spectrum are

Using these inequalities we deduce at once from (4.3) lines of Jorentz~an profiles [eq (4.1 ) and (4)] Aith w, -

that we must have 3.77x1'0"s-.r( a 6X10 s-'. r, a 2x10 V"..4,4, -
0.22 (a ro a 3xlO°s,.r, a SlO'( s'.,A,.4, = 2 (ib)

A,IAo < 2, when F, > r , (4.6a) The curves are normalized so that the sour" spectrum has the
value uniti at the center frequenc% w,.

and

A,/Ao(2(T,/Fo) 2 , when T </. (4.6b) (4.7A (w-w)+(4

In the first case (T,>To) the emitted (reduced) Ao (w wo I

spectra] line is broader than the spectral line of the These results are illustrated in figs. 2.
source; in the second case (r, <o) it is narrower.

With the conditions (4.6) assumed to be satisfied, 4.2. Gaussian line shapesI the degree of spectral coherence that will produce the
reduced field spectrum (4.2) from the source spec- Next let us consider a source spectrum that con-
trum (4.1 ) is obtained at once on substituting from sists of a line of pussian profile viz..
these equations into the formula (3.3). One then
finds that the required degree of spectral coherence
is given by (wo. 60. Ao are positive constants and 6c wo). We
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examine the possibiht. of producing a reduced field (a)
spectrum that also consists of a line of gaussian pro- "
file. centered at the same frequenc. w but of dif-
ferent width and different strength, sa)S
Si , (w) =A, exp[-(w - w);/26:] (4.9)

(6 1, A, are positive constants and 6 4K W). On sub-
stituting from eqs. (4.8) and (49) into the ine-
qualmt (3.4) we deduce at once that the following
condition must be satisfied:

(./A) [g(w)],. (2, (4.10)

where [f(w)],,, is the maximum value. in the range 3,, 1 ,11, 1 ,7 , 1r73
•~~~ ~ < w oc .of the function ., , .. : .

g(o) =exp (C)-w -:'2J] (4.11) (b)

with

Consider first the case when 6,<6, (line narro%- 6ing). Then .>0 and evidentl. (g(w)], .=g(w(,))I. Hence the reahizabilh condition (4. 10) becomes

A/Ac,(2. (4.13)

On the other hand when 6, > A,,. becomes negai ive
II and g(w) has then no upper bound in the rangeI0 < w < xc. H ence a broader lne of Saussian pro fle 2j7 ' 3I79 31'1 31.-

centered at the same frequenc. cu, cannot be pro- ,"*,, .
duced b) this mechanism. However. in practice one
is unlikel\ to be interested in situations where the Fig 3 Line narrowing and line broadening b\ source correla-
spectra SQ(w) and S, (w) have gaussian forms for tions The source spectrum and the reduced field spectrum are

all frequencies. If one requires that the reduced field hines ,nh gaussian profiles Jeqs (4.9) and (4 9)] o'er the fre.
s thIs e Ov fir quenc range shoun in the figures. Uith wt, = 3 6 x IC, " s-spectrum has aussian shape onl over a finite range 4, a 6X0 s- , = 2X" 10' '. A,/.4, = (a). and , =
around coc,. sa. Ifix I0' s '.A ,'.4 = 0.5 (b), The normalization is the same as

the (4.14) i r igs
where a and P are positive constants, the inequalit\

(4. 10) needs onl) to be satisfied when the maximum (W) =(A,/A o ) exp[-(ca-wo)'/24]- I. (4.16)
ofg(c) is taken over the restricted range (4.14). In-
stead of the inequahjt. (4.10) we then have the where J is defined by eq. (4.12). In the second case
constraint (61 > 60) the degree of spectral coherence is given b)

eq. (4.16) only for frequencies that are within the(A,IAo) exp("12 11d )(2 (4.15) range (4.14); for frequencies outside this range the
where y is the largest of the constants o. P. degree of spectral coherence can take on arbitrar.

Let us return to the first case (6, < 60). The degree values, subject to the constraint expressed b. eq.
of spectral coherence needed to achieve this modi- (3.5).
fication of the spectral line is according to eqs. (3.3), Some computed curves illustrating these results are
(4.8) and (4.9) given b) shown in fig. 3.
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S. Change of width of a Iorentzian line accompanied I
b) shift of the center frequenc)

Next let us consider the possibility of changing not 11

only the width of the line but also its center fre-
quenc), from wu to w I say. Suppose that the source 6.6

"' spectrum SQ(w) is again the single spectral line (4.1)
of lorentzian profile, but that the reduced field spec- I

trum. whilst also a line of lorentzian profile. is cen-
tered at a different frequenc) co ca., i.e. that ,.1

St (w) =A,/[(w -w,): +rj] (5.1) *

(co,. r,. A, are positive constants, r,-cw). On 3.i"7 8611, 311"' 3,13

substituting from eqs. (4.1) and (5.1) into eq. (3.4) ". 1,.,

we deduce at once that the following inequality must Fig 4. Frequency shift b% source correlations The source spec-

nou be satisfied: trum and the field spectrum are lines with lorentzian profiles
,with w,.w IV", x i0"s"-(,. xto:,s- . r a I x i s-'.1. (.4/A 0 ) Lf(.)im,,(2 • (5.2) A,1A. . 1I.9x 10-. The normalization is the same as in figs

Here V (w)]m., is the maximum value in the range
S0< w < x of the function spectra given b. eq. (4.1 ) we wish to generate a field

.(w)=I(ww): - (0/j(w-+Jo o) +i]. (5.3) whose reduced spectrum has the form

Unlike in the case considered in sec. 4.1 (when A,Sw,=w,) an explicit expression for the maximum S'()= + (6.1)

value of this function cannot readily be obtained.
However it seems that with suitable choices of the where N, A,. w.. and , are positive constants and

constants that specily the reduced field spectrum r,,4w, (I n N). For this to be possible. the fol-

(5. 1 ) the inequality (5.2) can be satisfied for all non- lowing condition obtained on substituting eqs. (6.1)

negative frequencies w. The degree of spectral co- and (4.1) into eq. (3.4), must be satisfied:

herence which gives rise to the reduced field spec-
trum (5.1) is then obtained on substituting from eqs. Y (A,,Ao) L'(W)m,, ( 2. (6.2)
(5.1 ) and (4.1 ) into eq. (3.3). The resulting expres- . 1

sion is Here f(w)]ma, is the maximum value, in the range

A, (W-w().+4) O w < o, of the function
A. - + -!. (5.4) -,w, (6.3)

An example of spectral changes in which both the Assuming that the constraint (6.2) is satisfied. the
line width and the center frequency are modified by degree of spectral coherence needed for generating
source correlations of this type is presented in fig.4. the reduced field spectrum (6.1) is obtained at once

on substituting from eqs. (6.1) and (4.1) into eq.

6. Generation of seiral lines from a single line (3.3). One then finds that

As a last example we consider the possibility of ()= ,(w, o (, . (6.4)

generating from a source spectrum that consists of a
single line of lorentzian profile a field spectrum that An example of the generation of a field spectrum
consists of several lines of lorentzian form. More consisting of three lines from a source spectrum con-
specificallN, with two sources that have identical sisting of a single line is illustrated in fig S.
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plates [8 ] and of holographic filters [9). interaction
of light with ultrasonic waves (10]. imaging and
lensless feedback systems I I I] and use of achro-

.. matic Founer transform lenses 12). Unfonunately

none of these techniques appear to be flexible enough
0., to produce the kind of correlations that are needed

to modulate spectra in the manner that we discussed
., in this note. However, the fact that controlled cor-

relations have been produced, at least to a limited
.a' extent, seems to be promising. It might be possible

to control correlations of sources of electromagnetic
L ,radiation more easily at lower frequencies. e.g. in the

a)aa, ) 3719 5.71 5.33 microwave region. Correlations between acoustical
sources could probably also be controled more easil'

Fi 5. Generation of three spectral lines from a sinle spectral 16). Such techniques, when utilized to generate
line. all of orenizan profiles.ith w ,, a3.877 x to 0, s-,r. spectral modulation, might perhaps find potential5 x 10" s- 1. The parameters that specifs the three lines are
w, a 3.8769 x10" s-,, r, a. sxlo, It". A,/.1A, = 3.4 x i0t applications in ommunications systems.
w: w 3.1'7 Ox11 O" s' ,r: 5X 10 1-. A:/,, . 6.1 xI10 .tv, = 3.9" 1 x10 "s-'., r, = XI10' s-'. A,.A -= 3 4 x10-'.

The normalization is the sme as in figs 2 References
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n New Method For Spectral Modulation

Avshalom Gamliel
The Institute of Optics

University of Rochester, Rochester NY 14627

A new method for modulating spectra by correlating source fluctuations is discussed. Potential advantages and limitations of
this method are considered for both scalar and electromagnetic sources.

1. INTRODUCTION
Current methods for modulating spectra may be divided into two main types. The first is active modulation in

which the spectrum is modified by controlling the gain or feedback of the system. The second type is passive modulation
where the source emits a very broad spectrum and the modulation is accomplished by filtering out or attenuating specific
spectral intervals.

In this paper we discuss a new method for spectral modulation that is based on controlling source correlations. We
consider the effects of correlating the fluctuations of two small scalar sources. We review some of the possible spectral
modifications and examine the advantages and limitations of this approach. Next we present an example in which the sources
we two partially-correlated linear dipoles; it demonstrat correlation effects on the spectrum and on the radiation panern.

2. SCALAR SOURCES
Consider two small scalar sources located at points PI and P2 (see Fig. 1). We assume that the source fluctuationsI are characterized by stationary ensembles (Q(Pl,co)) and [Q(P2,co)) that give rise to field fluctuations represented by an

ensemble (V(P,w)). We further assume that both sources have identical specmta i.e. that

SQ((O) = (Q(Pco)Q(Pl,Co)) = (Q(P 2 ()Q(P 2 ,o))), (1)

, where the asterisk denotes complex conjugation and the angular brackets denote ensemble averaging.

P

I Pi

Fig. 1. Notation relating to the calculation of the

field spectrum produced by two scalar sources.

In this notation the spectrum of the field at a point P is expressed by a similar formula

5 Sv(P,c)-- (V*(P,O)V(P,o)) , (2)

and the degree of correlation l,(o) is given by'

1 ( (Q*(PeC)Q(P21c))) (3)Sp = SQ(cO)

It has been shown that under the conditions stated, the spectrum of the field at any point P is given by 2 3

3 SPIE Vol 976 Sarisu,cef Optics (f9881/ f37



I s~c~ut~o 4fii;ii Q {Rco) (4)

where 9 derotes the real par t and knc* is the wavnumbe susociate d with frequency w.
In order to simplify the equations arid illustrate their physical implications it is insinutive to onsider first the

spectrum at observation points located on the axis (a perpendicular bisector to the line adjoining the two sources). At such
points R2,-Rl=R and the formula (4) for the field spectrum reduces to

ISV(P'cO) =-- 2 SQ(CO)[I+ 9LQ(w)] (5)

3 Since -1 9 94LQ(o)) < 1. it is apparent from Eq. (5) that changes of the source correlations, represented by I(o), give rise
to modulation of the field spectrum SV(o), subject to the constraint

0 Sv(C) S 2 SQ(C). (6)

I It follows from this inequality that the field spectrum SV(o) must vanish at every frequency for which SQ (o) vanishes. In
other words, this mechanism does no produce new frequency components.

IBoth limits in Eq. (6) occur when the sources are fully correlated. Other choices of source €or.lations can produce
field spectra that are significantly different from their corresponding source spectra. To illustrate the effect of source
correlations let SQ(co) consist of a line of Larnizian shape, centered at frequency a)0 and of width 80, ie.,

S C)(-0)1 F.,2 9(7)I + (O to)/0

i and with degree of correlation V1Q(CO) given by

Q(CO) = . + A 2 (8)1 2 2
1+ (co0-co n)/5 t  1+ (cD-w)/ - .()

I In Eqs. (7) and (8) Al, A2 ae positive consaants chosen so that I .N(a) 1 1 throughout the frequency interval or interest.I o0 ' I't WT got a2 are positive constants of dimension -ec . For the sake of simplicity the dimensions are not
indicated in Figs. 2.4-6. The resulting field spectrum Sv(w) at points on axis is obtained on substituting from Eqs. (7) and
(8) into Eq. (5).

Examples of field spectra computed from these formulas are shown in Fig. 2. We see that while for fully correlated
sources (II.sQ(()1= i) and uncorrelated sources (I1LQ w)I= 0), the spectrun of the field is proportional to the spectrumof each
source, appreciable modifications of the emitted spectrum are achieved with appropriate choice of the degree of correlation.

In general, given a source spectrum SQ(co) and a desired field spectrum Sv(w) the appropriate choice of the degree of

correlation is obtained from Eq. (5) as

2 V(-1 . (9)

I
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I
Of course only those field spectra S$.w) c= be generae which arm conuigent with the cotstraimt I pI 1:i. A limitation of

I this method is that there is an upper bound, for each frequency w. for the srength of the emitted field spectrum. This upper
bound is given by the spectum tha is produced when the two xoMces are fully coMlad [cf Eq. (6)].

4II'

3

I a I ! Q 8

00I orqec abi~fuis
Ie e ro g c ea byaEq. (8)

I 3 4 5 67

Frequency (arbitrary units)

~Fig. 2. Field spectra on axis for different types of source correlations, calculated

from Eqs (5) l (7) and (8). The constants were chosen as follows: on- 4, O= 0.25,
A: 1- 1.95.0 1-] 3.5, 81=a 0.03, A2- 2, we2 4.5, and a2= 0.03.

Returning to Eq. (4) we note that the field spectrum also depends on the direcon of observation because of the
Pesence of R I and R2. We postpone the discussion of the angular dependence and of complex-valued degr e of correlation to
fnelectromagnetic case aswe tat now consider.

3. LINEAR DIP 2ES )
I Consider two linear dipoles located at distances yo from the origin and oscillaing in the z direction as shown in Fig.

3. Let the electric polarization vectors of the dipoles be given by

P (r,0o) = p, (€o)(r - yoP) I, P2 (r,(o) = P2 (o)S(r + yop)i. (10)

Here Y and 'Z are unit vectors, 8 is the Dirac delta function and pi(w0), (i= 1,2) represent the polarzation fluctuations a
function of frequency. If we assume that these fluctuations have the same spectrum, i.e. that a

it can be shown that the spectrum of the emitted field in the far zone in the direction specified by a unit vector u is4

I S(Ru,co) = -k 4 S (co) sin 2 e {1 +9t [Q(o)exp(2iky 0 sin9 sin)l} . (12)

I Here C is a constant dcpcnding on the choice of units and (8,f) are the spherical polar coordinates of the unit vector u, with
the polar axis taken along the z direction.

lI SPIE Vol 976 Statistical Optics (988; / 139
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i To simplify formula (12) we exprss the degree ofccmlatin in the form

sQ(Oa) -eI vQ(ale Od f i Cin ' , (13)

where W(co) is a m valued functionS of c. It follows that when the two dipoles we fully wrrelaed I;LQ(CO) I =I the
specum of the field in the far-zone is givem by

[S(Ru,.o)] - 2-R k4 SQ((o) sin2 e cos2 [ky0sinO sin, + V(co)]. (14)

Similarly when the dipoles are umcorrelated p,(w) - 0 and the far-field specrum, obtained from Eq. (12) is

i [S(Ru,co))] -LOS Q.(co) sin2  . (15)

Z R.

I ~ I
I

I -

I

II

Fig. 3. Notation relating to the calculation of the far-fieldSspectrum produced by two linear dipoles P1 and P2.

For every degree of correlation pQ(c) * 0 the frequency-dependence of the far field spectrum is coupled to the angular variables

through the product ky0sinOsino. To illuxtrate this remark consider observation points in the x, y-plane. The spectrum is

then a function of frequency w and of the azimuthal angle # only, viz.,

S(R, 0=11 , ;o)= -9-kS(0)) 1{1 + IJpQ(w)j cos [2ky~sino + 2~V(o)]jb (16)

Let us consider some implications of Eq. (16). Suppose the spectrum SQ(co) of each dipole consists of a single

Lorentzian line (Eq.(7)]. We now compare the angular distribution of the far field spectrum when the degree of correlation is
given by Eq. (8) and when the dipoles am fully correlated. Both ca are examined for fixed frequencies and for a fixed value

I 0
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.1
of YO. Figwes 4 and 5 show the angular distributions of the seta for two selected frequencies. It is to be noted that largerU values of yo give rise to multiple lobes in the radiation pattern (se Fig. 6). but it can be shown that such systems will
radiate relatively little power.

210' 210 33O

3 24 " 3V t0" 3

27W '0
Fig. 4. Angular distribution of the far field spectra Fig. 5. Angular distribution of the far field spectra
S(R,e=x/2,0; a)) of fully correlated sources (dashed S(R,Ouil2,*; to) of fully correlated sources (dashed line)
line) and for pQ given by Eq. (8) (solid line). Both and fr Q given by Eq. (8) (solid line). Both curves are
curves are for a fixed frequency to a 4 and kyo0-1, for a fixed frequency w - 3.515 and k0y0-1.

I

12(re0

210" 1 330*

I ''
27OV

Fig. 6 Angular distribution of the far field spectra
S(RO=x2,0; w) of fully correlated sources (dashed line)
and and for pQ given by Eq. (8) (solid line). Both curves5 are for a fixed frequency ew 4 and k0y0!-3.

i Another consequence of Eq. (16) is that when the observation points are located along the x.axis (sine=O) the far
" zone spectrum of the electromagnetic field exhibits the same frequency dependence as we found before for the scalar case (Eq.

(5)]. For other directions of observation the far zone spectrum has, in general, a more complcated farm due to the presence of
the factor cosl2kyosin+2-f(w)]. With the same choices of the source spectrum and of the degree of correlation as before, we

I show in Figs. 7 and 8 the far field spectrum along the x-and the y axes.
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On comparing Fig 7 with the correpodmg figure 2 for the uar can, we am t he curves n Fig. 7 ubow
asymmery not present in Fig. 2. This difference is due to the presence of the factor k4 in Eq. (16) relating to the
tiectromagnetbc cane.I I Ca.

' ,O(jd glen by Eq. (a)
' aaIL 0( given byEq. (6)

I L , , . ,

2 30 5 6 72 a 6 7

Frequency a (ayilrary unlts) Frequency a rfbrary unts)

U Fig. 7 Far zone field spectrum for points located on Fig. S. Far zone field spectrum for points located on
the x-axis. the y-axis.

3 PDISCUSSIONi
We have shown in this note how spectral modulation can be achieved by controlling correlations between source

fluctuations. Both scalar sources and electromagnetic sources were considered and they illustrate typical spectral features that
may be produced by relatively simple choices of the functional forms of the correlation coefficient. The main limitation of
this method is the requirement that all spectral components of the desired spectrum must be present in the source spectrum.

The practical difficulty of inducing the desired correlation in scalar or electromagnetic souces has been overcome in
I some special cases.6 48 At present it seems that more complicated functional forms of the degree of correlation are easier to

achieve with microwaves than in the optical region of the electromagnetic spectrum.

I AQKN0WEDGEMENTS

The author thanks Professor E. Wolf for assistance and guidance throughout this research. This research was
supported in part by the New 'ork State Science and Technology Foundation, by the National Science Foundation and by the

i Army Research Office.

REFERENCES AND) NOTES

I . L. Mandel and E. Wolf, 3. Opt. Soc. Am. 66 (1976) 529.

2. E. Wolf, Phys. Rev. Le. $8,(1987) 2646.

I 3. A. Gamliel and E. Wolf, OpL Commun. 65, (1988) 91.

4. This formula follows from results obtained recently by W.H. Carter and E. Wolf, Phys. Rev. A, 36
(1987), 1258: It will be discussed more fully in a forthcoming publication.

5. In the c.e of coherent radiation the quantity 2y(w) is effectively the steering angle. See, for example,
R.A. Monztngo and T.W. Miller, Introduction to Adaptive Arrays (J. Wiley, New York, 1980) pp. 43.

I 6. M.F. Bocko, D.H. Douglass and R.S. Knox, Phys. Rev. Leu., S8. (1987) 2649.

i 7. F. Gori, G. Guattari and C. Palma, Opt. Commun., 67, (1988) 1.

I ~142 / SPIE Vol 976 Statistical Optics (1988)

I



1150 J. Opt. Soc. Am. A/Vol. 6, No. S/August 1989 A. Gamliel and N. George 4.6

I
Radiated spectrum from two partially correlated dipoles
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We examine the spatial directivity and the temporal spectrum of the field radiated by two partially correlated linear
dipoles. The two dipoles are parallel and have identical spectra in their source excitation. Expressions are derived
for the radiated spectrum, for the total emitted power, and for the directivity. We illustrate these results by
calculating the radiated spectrum for a particular choice of the frequency-dependent correlation function. Results
for the limiting cases of fully correlated dipoles and for uncorrelated dipoles are also derived.

INTRODUCTION the dipoles as a function of time, and S and I are unit vectors
Recent advances in coherence theory include investigations in the positive y and z directions, respectively. We assume

of the effects of source correlations on the spectrum of the that pj(t) are random functions of time, characterized by

radiated field.'- 7 The type of source correlation that gives stationary ensembles.

rise to line shifts in the observed spectrum was considered in In the space-frequency representation,$ the electric Hertz

a number of those studies. Some of the theoretical predic- potential of the field produced by the dipoles is given by

tions have since been verified experimentally by several exp(ikR,) exp(ikR 2)
groups.5- 7 One of the possible applications of the present 1l,(r, W) -I NO R, + P2(W) R (1.2)

theory is a method for modulating field spectra that is based I
on the controlling of source correlations. The effect of spec- in which R, - r - yo j, r 2 - Ir + yoSl and
tral modulation was illustrated in an earlier publication in
which a simple configuration of two scalar sources was ana- ( f pi(t)ei"dt (j 1, 2). (1.3)
lyzed for observation points that are located on the axis.4

In the present paper we are interested in spectral effects In order to calculate the radiant intensity in the far zone, itI that are also associated with the direction of observation. In is sufficient to evaluate the magnetic field only; this is given
our treatment we consider a system of two partially correlat- by the expression
ed linear dipoles. First we derive expressions for the ob-
served spectrum at an arbitrary point in the far zone; then B(r, w) - -iAT X l(r, w). (1.4)
we examine how the degree of correlation affects the spec-
trum of the field observed in particular directions and its Since fl,(r, w) is a vector along the z direction, it follows that

effects on the angular distribution of the radiant intensity , a'
for fixed frequencies. In Sections 3 and 4 expressions are V X 13,(r,w) - - -)U 1 (r, a. (1.5)E derived for the total radiated power and the directivity of

the system as a function of the degree of correlation and the On substituting Eq. (1.2) into Eq. (1.5), we obtain the formu-
spatial separation between the two dipoles. la

mThroughout the analysis, we compare our results for the exp(ikR) 0'-[)-0). x.partially correlated dipoles with the results in the well- V x ,(r,)= ( O ik - I I i
known limiting cases of fully correlated and uncorrelated R, ( ) L R I
dipoles. This comparison gives a valuable measure for the exp(ikR.) 1 (Y +Yo) 1- '

range of possible spatial and spectral modulation effects + P2(W) R2 A W2- R2I.2 (1.6)
that can be produced by controlling source correlations. R2

For field points r a rD in the far zone kR, >> I (i - 1, 2), we

i I. FAR-ZONE SPECTRUM OF PARTIALLY have
CORRELATED DIPOLES RI-r-y0.-y, R2 -r + yO.C, (1.7)
Consider two linear dipoles situated at points *yo and vi-
brating in the z direction as shown in Fig. 1. Let in which (1 is a unit vector for the polar radius r.

Using Eq. (1.6) and expressions (1.7), we may express the
PI(r, t) - p,(t)b(r - yo5)I, (1.1a) far zone B field in the form

P 2(r, t) - p 2(t)(r + yo )f (1.lb) B(r, ) _ -h2 L sin 8PIP() exp(-ikyo. -5)

3 be the electric polarization vectors of the two dipoles. Here r

pi(t) (j 1 1, 2) characterize the polarization fluctuations of + P 2(w)exp(iky.f4 • 5))4 as hr -- -. (1.8)

5 0740-3232/89/081150-06$02.00 C 1989 Optical Society of America
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Z the radiant intensity produced by the two partially correlat-

ed dipoles:

A X 11 + Rjp,(w)expl2ikYo &in 0 sin :)JI. (1.15)

'.. If we express the degree of correlation in the form

-Y0 Yo #p(W) - 1jp(w)l exp[i2o(w)], (1.16)

--- in which the phase 2(w) corresponds to the steering angle in
the fully coherent case,' 0 we find that the radiant intensity of
the two partially correlated linear dipoles is given by

J(A W) ckd
4v SP(w) sin? o11 + Ilup(w)l

X cosI2kYo sin 0 sin 0 + 2,(w)JI. (1.17)

Fig. I. Illustration of the configuration and notation used in this 2. EFFECTS OF SOURCE CORRELATION ON

study. THE RADIATED SPECTRUM
3We now examine some special cases that help to illustrate

Here, we have used the spherical polar coordinates (r, e, 0) Eq. (1.17). First let us consider two uncorrelated dipoles.

with the polar axis along the z direction and with 4 sin 0 In this case jp(w) r 0, and Eq. (1.17) reduces to

(cos 05 - sin 01). Ck4
The radiant intensity J(6, w), i.e., the power per unit IJ(&, w)] Sp(w)sin2

e. (2.1)
frequency at frequency w, per unit solid angle centered about

direction specified by the unit vector , is given by As one might expect, the same expression is obtained if the
radiating spectrum originated from a single dipole located at

J(f2, w) - lim r24 • (S (' (rC4, w)), (1.9) the origin," whose strength equals the sum of the strength of
kr-" the two uncorrelated dipoles. Similarly, when the dipoles

where S")(r,4, w) is the Poynting vector in the far zone and are fully correlated, i.e., when I#Ap(w)l - 1, Eq. (1.17) for the
the angle brackets denote the ensemble average. In terms of radiant intensity reduces to
the B field, we have Ck4

[J(4, w)] -, Sp(w) sin2 9 cos2[ky 0 sin 6 sin + (W)].
J(a, w) lim r2 £c ?(4. (B(r(, w) X Aj X B(rf4, w)),

8wr (2.2)

We observe that for every frequency w, the phase angle J(w)
where R? denotes the real part. Using the identity and the product kyo completely determine the angular dis-

(tribution of the radiated power.
(4. (B X 4)* X B = lB × (12, (1.I1) Returning to the general case in which the two dipoles are

we simplify Eq. (1.10) for the radiant intensity to the form partially correlated, we note that when the point of observa-
tion is on the x axis (6 - r/2, 0 - 0), the radiant intensity

J(C4, a) _ liM r2 £-(B(rr,, W)12). (1.12) according to Eq. (1.17) is given by
kr--. 8Ck

4

Let us now assume that both dipoles have the same spec- J( 1S() = Sj tl+ )l form (2)trum, i.e., that The result for this special case is in the same form as the

(Ip(W)-2) _ (Ip2(w)Il _ S p(w). (1.13) corresponding expression for the radiant intensity from two
small partially correlated scalar sources [cf. Ref. 4, Eq. (2.4)).

We also introduce the complex degree of spatial coherence at The only significant difference is in the factor k' appearing
frequency w that characterizes the correlation between the in Eq. (2.3), in which the product k4 SP(W) is shifted to higher
two dipoles by the formula9 frequencies relative to Sp(W).

The radiation pattern produced by the partially correlat-
((p(W)( (1.14) ed dipoles differs from those produced in the two limiting

SP() (Icases of fully correlated and completely uncorrelated dipoles
in several ways. If we denote the direction for which the

On substituting from expression (1.8) and Eqs. (1.13) and radiant intensity is a maximum by A,., it can readily be
(1.14) into Eq. (1.12), we obtain the following expression for shown that the maximum possible radiant intensity [J(a,.,
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U w)]l. from the two dipoles is obtained when they are fully present in the polarization spectra. We also point out that
correlated, and it is given by the spectrum of the field differs from the Lorentzian line

ck' shape of the polarization spectrum because of the factor of k 4

i [J(i~m, w ,. Sp(w). (2.4) in Eq. (1.17). A similar comparison of spectra for observa-
tion points along the y direction is shown in Fig. 7. Here we

On the other hand, when the dipoles are partially correlated note that the spectrum produced by fully correlated dipoles

the maximum radiant intensity is smaller by a factor 1/211 + has a lower magntiude than the spectrum produced by the

In the two limiting cases of fully correlated dipoles and
uncorrelated dipoles, the nulls of the radiant intensity dis- 900

* tribution are determined by the factor sin 2 0 in Eq. (2.1) and - - . -

by the factor sin 2 0 cos 2[kyo sin 0 sin o + O(w)] in Eq. (2.2).
By contrast, it follows from Eq. (1.17, that when the dipoles
are partially correlated (0 < Ipp()l < 1) there are no nulls of

£ the radiant intensity outside the plane 0 - 0. This fact is -

significant in connection with the theorems regarding the , - --
approximation of desired radiation patterns by arrays of -, -,

such sources.' 2
For a numerical illustration, let the dipole spectrum be a 1800 0

Lorentzian line of width bo centered at frequency t, i.e.,

(SW(2) ( 5 - - - - - -

We choose a real-valued degree of correlation given by

3 P(w) = A, exp - -W2 1 )2 + A2 exp (W-2W2 -1-

(2.6) 2700
Fig. 2. Angular distributions of the radiant intensity at an offset

Here wl, W2, 31, and 62 are positive constants, and we select frequency w 4 sec- and a dipole separation kayo 1 when the two
real-valued A, and A 2 so that ip(W) satisfies the constraint dipoles are partially correlated (solid curves) and fully correlated

(dashed curves). The constants used in the calculations are (in
I jp(w)l <5 1 (2.7) reciprocal seconds) wo - 4, w,1 3.5, w - 4.5, 6o = 0.25, and 61 - 62 =

* 0.03. These simple numerical constants can be scaled to any fre-
throughout the frequency range of interest. We note that, if quency band that is being considered.

we choose a real-valued degree of correlation, the steering
I angle is set to zero [i.e., 2 44(w) l 01 in the following examples.

Figures 2 and 3 show the angular distributions of the
radiant intensity in the (x, y) plane (0 - r/2) for two fully
correlated dipoles and for partially correlated dipoles whose ,3 degree of correlation is given by Eq. (2.6). In Fig. 2 the
angular distribution is calculated for the center frequency W
- wo of the polarization spectrum; Fig. 3 shows the angulari distribution at a different frequency. When the separation
between the dipoles increases, the lobe structure becomes
more complicated. In Figs. 4 and 5 we show the angular N

distributions of the radiant intensity for dipole separation 1800 1 00

I k0yo- 3. Comparing the angular distributions for dipole
separation koyo I (Figs. 2 and 3) and k0yo - 3 (Figs. 4 and
5), we note that at each frequency the number of lobes of the
two choices of correlations is identical, although their angu-
lar distributions are somewhat different.

At a fixed direction in space, we can compare the spectrum , - -
produced by the partially correlated dipoles with the spec- , -

trum produced by fully correlated dipoles. In Fig. 6 we show
the spectra for two choices of correlation when the observa-
tion is along the x-direction. Although it is not shown in the 2700
figure, we remark that the spectrum produced by the fully Fig. 3. Angular distributions of the radiant intensity at an offset

correlated dipoles differs from that of the uncorrelated di- frequency w - 3.52 saec- and a dipole separation kayo = I when the
-two dipoles are partially correlated (solid curves) and fully correlat-

poles by a factor of 2, whereas the spectrum produced by the ed (dashed curves). The constants used in the calculation are the
partially correlated dipoles displays features that are not same as in Fig.2.

I
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900 representing the relative ranges of the angular distributions

-- - - = of the radiant intensity in the (z, y) plane. The external
- " , circle (i) corresponds to the limit of fully correlated dipoles.

As one may observe from Eq. (2.2), the radiant intensity of
two correlated dipoles may attain any value inside the circle
ofradius ck4SP(w)/2r. The location of the peak is controlled
by the choice of the steering angle 24(w). Similarly, it fol-
lows from Eq. (2.1) that, when the dipoles are uncorrelated,

- - -..... the radiant intensity is constrained to values on a circle (iii)

1800 of radius ck 4Sp(w)/4v. When the dipoles are partially corre-
- - lated, we see from Eq. (1.17) that the radiant intensity can

Sf "have any value in an annular domain bounded by circles (ii)
and (iv). It is also apparent from this representation that

a a / 2

I ,

2700 a,

Fig. 4. Angular distribution of the radiant intensity at an offset a
frequency a = 4 sec-' and a dipole separation kayo = 3. a

900 a 1

a \
a \I - a

-- -- -- ---.

180 °  1 0 0 Frequency (& [sac- ]

/ Fig. 6. Comparison of spectra along the direction when the two

' / ldashed curves). The constants used in the calculation are the sameSas in Fig.2.

/ a .

Fig. 5. Angular distribution of the radiant intensity at an offset
frequency w - 3.52 sac-1 and a dipole separation k0y4 5 3.

partially correlated dipoles. This fact may be explained by - 7
Fig. 2, for example, in which the radiant intensity in the y
direction is higher for the partially correlated dipoles. Fig-( cures 6 and 7 dem nstrate that the spectral features if the  c t

partially correlated dipoles vary considerably, depending on ; /
the direction of observation, whereas the spectrum produced

by the fully correlated dipoles remains essentially un-

i changed. "
The two limiting cases of fully correlated and uncorrelated 0 ,

dipoles constitute the boundaries of possible modification of 2 4.5 7
spectra. In Fig. 8 we illustrate the range of modulation that Frequency w [sec- ]Fig. 7. Comparison of spectra along the y direction when the two

magnitude of the degree of correlation th(w)I and the phase dipoles are partially correlated (solid curves) and fully correlated

2ure. The figure shows four concentric circles of th).

aI
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Y and j0(z) and jj(z) are spherical Besse functions. The maxi-
mum of the function f(z) can be shown to occur when z - 0,
and it has the value f(0) - I (see Fig. 9). It follows that the

------------- () upper bound for the total radiated power is

(# ) (iii) [P()]. - '/3ck'S(wO). (3.4)

(Jr When the two dipoles are uncorrelated, the total radiated

X power is given by

[P(M1)]., = 2/3ck'Sp(w). (3.5)

On comparing the total powers o' two partially correlated
dipoles P(w) and uncorrelated dipoles [P(w)w..o, we see

I from Eqs. (3.2) and (3.5) that

PMw 1 + f(2ky0)R[p~w). (3.6)

Fig. 8. Range of control over angular distribution of the radiant [P(w) 1fy ()3
3 intensity. The shaded area indicates the region in which the maxi-

ma and minima of the radiant intensity for partially correlated Since the function f(z) given by Eq. (3.3) decreases rapidly
dipoles are found. with increasing z, it is evident that the total radiated power

from two dipoles that are separated by a distance much
larger than a wavelength is equivalent to the total radiated
power from two uncorrelated dipoles.

3 4. DIRECTVITY

The directivity D(ti, w) of a radiating system is defined by
the ratio'

3

3 ;d 2 4wJ(u, w)- 0 25 D(4, ,w) - x~, (4.1)

where t is the direction of observation. Here we are particu-

laxly interested in the maximum directivity D(w) !E D(6 ,, )
that occurs in a particular direction 4,,. It follows from Eqs.
(1.17) and (3.2) that the directivity of the two partially corre-

-05 
lated dipoles is given by

0 10 20

2ky0  16

Fig. 9. The behavior of the function / in Eq. (3.3) as a function of
the product 2kyo.

unless the two dipoles are fully correlated there are no nulls
of the radiant intensity outside the plane 6 - 0.

3. TOTAL EMITTED POWER

The total power P~,(w) radiated by the system at frequency
I caw is defined by

-" J(4wa w)dil, (3.1) \ ,

i in which the integration extends over the whole 4v solid 0

angle. On substituting Eq. (1.17) into Eq. (3.1) and per- 0 10 20
forming the integration, we find that 2ky0

1 Pier(w) -
2/3ck'Sp(w~i)tl + f(2kYo).R[p(u)J, (3.2) Fig. 10. Comparison of the directivity D(w) for fully correlated

in which dipoles (dashed curve) and uncorrelated dipoles (solid curve) as a
function of the dipole separation 2kyo. In both cases the value of3 f(z) - 3/2' 0(z) - j1(z)/zI (3.3) the steering angle was 2 (,.) - r.
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I 1(,,) 3 + I# (W)l tion between the dipoles on the total radiated power and the
2 11 + /(2ky0)R[.p(w)] directivity of the two dipole system. In both cases we
I sr t a osowthat, whshowed that the degree of the correlation was coupled with a

fIt is straightforward to show that, when the dipoles are unction of the separation constant hvo. With increasing
uncorrelated, [D(w) ,,,- 3/2. Similarly, when the dipoles separation between the two dipoles, the total radiated power

are fully correlated the directivity is given by becomes independent of the correlation, and as a result theI D() 3. directivity becomes bounded by a constant value.
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Scattering of polychromatic light by a medium whose dielectric susceptibility is a random function of position is
considered within the accuracy of the first Born approximation. It is shown, in particular, that if the two-point
spatial correlation function of the dielectric susceptibility has Gaussian form and the spectrum of the incident light
has a Gaussian profile, the spectrum of the scattered light may be shifted toward the shorter or the longer
wavelengths, depending on the angle of scattering. The results are analogous to those derived recently in connec-tion with radiation from partially coherent sources (Nature (London) 326, 363 (1987)).

I I. INTRODUCTION that different frequency components of the incident and also

It was predicted theoretically not long ago, that, in general, of the scattered light are uncorrelated. The resolution of

* correlations between source fluctuations produce changes in this apparent paradox is briefly discussed in the concluding
the spectrum of the emitted light." 2 For radiation from section.

planar secondary sources this prediction was subsequently
verified by experiment. 3 It was also shown theoretically 2. EXPRESSION FOR THE SPECTRUM OF
that the changes may be such as to produce red shifts or blue THE SCATTERED FIELD
shifts of spectral lines,"4 and this prediction too has been Let us consider a field incident upon a scattering medium
verified. 7-9 A similar effect can also be expected to arise occupying a finite volume V. Suppose that the incident
with acoustical waves and was, in fact, observed not long field propagates in a direction specified by a real unit vector
ago. 10 Some other modifications of spectra due to source g We do not assume, however, that the field is monochro-
correlations have also been discussed.') matic; rather we consider it to fluctuate at each point, gener-

Because of the well-known analogy that exists between atin; random mnner characte a e ne er-
* the processes of radiation and scattering, one might expect ally in a random manner, characterized by an ensemble that

that similar phenomena will arise when a polychromatic is statistically stationary. The cross-spectral density
wave is scattered by a medium whose dielectric susceptibil- W'i(r,, r2, W) of the incident field at points whose location is
ity is a random function of position. specified by position vectors r, and r, may be expressed inityis radomfuctin o poitin.We show, in the the form 12

present paper, that this indeed is the case. First we derive
an expression, valid within the accuracy of the first Born W~i(r l, r2, W) = (UJ"(r,, w)I. (r 2, W)), (2.1)
approximation, for the spectrum of the scattered light in
terms of the spectrum of the incident light and the two-point where IV'(r, 0) represents a statistical ensemble of random
spatial correlation function of the dielectric susceptibility of functions, all of the form
the medium. We then show that if the spectrum of the UJi(r, w) - a(u)exp(ik o • r), (2.2)
incident light consists of a single line of Gaussian profile andi the correlation function of the dielectric susceptibility is also with
a Gaussian function, the spectrum of the scattered field will
consist of a line that has approximately a Gaussian profile. k -E, (2.3)
However, this line is, in general, red shifted or blue shifted c
with respect to that of the incident light, depending on the c being the speed of light in vacua. In Eq. (2.2) o(w) are
angle of scattering. This result may appear, at first sight, to (generally complex) frequency-dependent random vari-
contradict the well-known fact that there is no frequency ables, and the angle brackets in Eq. (2.1) denote the expecta-I change in linear scattering on a time-invariant medium and tion value, taken over the ensemble of the incident field.

0740.3232/89/081142-08$02.00 C 1989 Optical Society of America
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The spectrum

S..(r, w) a Wi'(r, r, w) - ("'(r, w)Vr(r, w)) (2.4)

of the incident field is then, according to Eq. (2.2), given by P

S"()a Sl"(r, wa) - (a*(w)a(w)) (2.5)

and is seen to be independent of position.
We assume that the scatterer is weak in the sense that the

amplitude of the scattered field 5')(r, w) is small compared 0
with the amplitude of the incident field 1IU1811 <0 U"'I1. We Fig. Illustrating the notation relating to the asymptotic approxi-
may then calculate U' on the basis of the first Born approx- mation (2.9).
imation, which yields 13

UEV'(r, w) - a() , F(r', 0)G(r, r', w)exp(ik&0 • r')d3r', On substituting from Eq. (2.12a) into Eq. (2.13) and on using
iv Eq. (2.5), we find at once that

(2.6) S'.'(ri, W)
where 1

F(r, ) (w/c) 2 (r, ), (2.7) k( - go), w]j[k(g - go), w]S"(w). (2.14)

t(r, w) - 1n2(r, wa) - 1]/4w being the dielectric susceptibility Up to now we have assumed that the scattering medium
of the scattering medium, n(r, ow) its refractive index, and was deterministic. Let us now assume, instead, that its

explik(r - r')] physical properties are characterized by random functions
G(r, r', w) I T - rl (2.8) of position but are independent of time. An example of such

a medium would be the atmosphere under conditions when

the outgoing free-space Green's function. its temporal fluctuations are slow enough to be ignored.
We will consider only the scattered field in the far zone. If Then, for each w, the dielectric susceptibility i,(r, w) will be a

we set r - ri, (2 - 1), the Green's function may then be random function of r, and consequently i(K, ce) will be a
approximated by its asymptotic form (see Fig. 1) random function of K. A meaningful measure of the spec-

trum of the scattered field in the far zone is then the expects-

G(r, r', w) -- exp(-ikg • r') (kr - w). (2.9) tion value of the right-hand side of Eq. (2.14), taken over anI r ensemble of different realizations of the scattering medium;

On substituting from the formula (2.9) into Eq. (2.6), we find i.e., it is given by the expression

at once that S, 'V,)

U0'(rI, W) -a() r F(r', )expj-ik(§ - o) - r'jd3r', r

(2.10) Here the angle brackets, with the subscript 17, denote the

where we have written U rather than V) to stressthat the average value taken over this ensemble. It is to be noted

expression on the right-hand side of Eq. (2.10) represents that the expression (2.15) involves two averaging proce-3 the scattered field in the far zone. If we introduce the dures, one over the ensemble of the incident field (cf. Eq.

Fourier transform of the scattering potential by the formula (2.5)) and the other over an ensemble of scatterers. We
u implicitly assume here that these two sources of randomness

P W) (Fr', w)exp(-*K -r)d 3 r,, (2.11) are mutually independent.

vF Although the formula (2.15) for the far-field spectrum
involves an average, obtained from experiments with macro-Eq. (2.10) becomes scopically similar but microscopically different scatters, one

can in some cases deduce the value of this average, at least to
L-')(rh, W) - am(p)t[k(A - 10), wjf , (2.12) a good approximation, from experiments performed with a

r single scatterer. For example, often the necessarily finite

or, using Eq. (2.7), size of the detector aperture will provide spatial averaging.
which is essentially equivalent to ensemble averaging.'' ,15

U1'w(r, 'al) = ( ik(5 _ 1o), ,' h, (2.12a) The value of the ensemble average may also be obtained
r sometimes by the use of a moving aperture in front of the

scatterer.'6
where (K, w) is the Fourier transform, defined by a formula If we express j in terms of its Fourier inverse v and inter-
of the form (2.11), of the dielectric susceptibility j(r', w). change the order of averaging and integrations, we find that

Let us next consider the spectrum of the scattered field in

the far zone. It can be determined from the following for- (W.(K,, )(K 2, r)) r2"( )
mula analogous to Eq. (2.4), which is

S'"(r, ,) - (L$e'(r, -W)U''(rI, w)). (2.13) x expl-i(K 2 • r 2' - K, -ri')d 3ri'dr 2', (2.16)

I
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where 3. SPECTRUM OF THE FIELD SCATTERED BY
C,(r', r2', to) - (r'r, to)(r2', 0o), (2.17) A STATISTICALLY HOMOGENEOUS MEDIUM

When the medium is statistically homogeneous, the correla-is the spatial correlation function of the dielectric suscepti- tion function C,(rl', r2', W) will depend on rl' and r2' only

bility. If we introduce its six-dimensionsi) Fourier trans- through the difference 2' - ri', and we will then write
form C,(r,', 2', W) - C,(r 2' - r,', w) when r,' e V, r2' e V
,(K,,K2, to) =,C,(r, r2" W) =,0 otherwise.

I X exp[-i(K1  r ' + K 2 r 2')d'r,'d3r2', (2.18) (3.1)

In this case Eq. (2.18) becomesI Eq. (2.16) becomes C(I 2 o

(V(K, w)A(K 2, W)), - C,(-K 1, K2, W). (2.19) ' K2,,

Finally, on substituting from Eq. (2.19) into Eq. (2.15), we fv , ' , -)exp-i(K, r,'+ K 2 r2'ldrdr2', T

i obtain the following expression for the spectrum of the scat- (3.2)
tered field in the far zone:

) 1 and hence
S'"'(r. t) - (w/c)¢,i-k(A - Ao), k(A - Ao). w]S'(w) •  Ci-k(h - 1o), k(t - t 0), w]

I (2.20)
(2.20) C,(r2'- rl', 0~expl - -i 1o)"(r2'- r ')]d~r'd~r2'.

The formula (2.20) shows that the spectrum of the scat- K ,,( - iwep.i(A-h).(2 1'1V 1 dr'I tered field in the far zone differs, in general, from the spec- (3.3)
trum S'"(w) of the incident field by the effect of two multi-
plicative factors, namely, a factor proportional to ' and the If we change the variables of integration from ri', r2' to r,

factor ,. The w' factor isa reflection of the fact that on the r' by setting

microscopic level the medium responds to the incident field
as a set of dipole oscillators (cf. Ref. 17, Secs. 2.2.1 and 2.2.3]. r + r)/2, r' - (r2' - ri') (3.4)
The other factor, C,,, may be regarded as representing the and assume that the linear dimensions of the scattering

correlation that exists between them. Because C, in Eq. volume are large compared both with the correlation length
(2.20) depends on the momentum transfer vector K - k(9 - of the dielectric susceptibility [the effective r' range of IC,(r',
SO), it is a function of the angle of scattering, and hence, in w)(J and with the wavelength - 2rc/w, Eq. (3.3) gives
general, the far-field spectrum will be different in different
directions of observation. Cj-k(i - t 0), k(9 - 90),w ) VCJk( - go), w], (3.5)

The situation is somewhat different in the idealized spe- where C,(K, w) is the three-dimensional Fourier transform
cial case when the dielectric susceptibility of the scattering Of Cw ,(K, w), viz.,
medium is completely uncorrelated, i.e., when

C,(r,', r2', w) - 1(w)6 3 (r2' - r,') when r,' e V, r2' 6 V C(K, w) V C,,(r', w)exp(-iK . r')d3r'. (3.6)

= 0 otherwise,
(2.21) On substituting from formula (3.5) into the general formula

(2.20) we obtain the following simpler formula for the spec-
where 613)(r') is the three-dimensional Dirac delta function trum of the scattered field:
and 1(w) is a nonnegative function of frequency. We then V /_. Ih4).

have, according to Eqs. (2.18) and (2.21), S '(r2, w) . -. k(A - 0), VI]Sq(w)
"  ( .)

5 C,,-k(Q - 10), k(Q - 90), wi - 1(w)V, (2.22) This formula again shows that the spectrum of the incident

and the formula (2.20) reduces to field is, in general, modified by interaction with the scatter-
ing medium. The modification arises from a dipole contri-

SI(2.23) bution that is proportional to the fourth power of the fre-
(r C (quency and by the influence of the dielectric susceptibility

correlations, characterized by the correlation function C,(r',
We see that in this special case the spectrum of the scattered W).
field is the same for all angles of scattering and that it differs
from the source spectrum I(w) only by a multiplicative factor 4. FREQUENCY SHIF GENERATED BY
that is proportional to the dipole term w. SCATTERING

It seems worthwhile to stress that in deriving Eq. (2.20) no
assumption was made regarding homogeneity or isotropy of To illustrate the effect of the dielectric susceptibility corre-
the scatterer. When the scatterer is statistically homoge- lations of the scattering medium, let us consider the situs-
neous, as is often the case, the formula (2.20) considerably tion when the correlation function is a three-dimensional
simplifies, as we will now show. Gaussian distribution, i.e., when

I
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C,(r', ,w) A exp(_r,2 /2, 2 ), (4.1) X) M-1\0 (4.8f)

where A and a are positive constants, i.e., they are indepen- We see from Eq. (4.8e) that &(8) I and that the equality
dent of both r' and w. holds only [i.e., that a(B) - 11 when either a - 0 (completely

The three-dimensional Fourier transform [defined by Eq. uncorrelated scatterer) or ro - 0 (monochromatic light) or
(3.6)] of the expression (4.1) is when 8 - 0 (forward scattering). Hence except in these

w)(K, -) - A exp[-(K) 2/2]. (4.2) special casesa Now with K k( - Jo) we have, since 9 and go are unit
vectors and k - w/c, implying that the Gaussian function in Eq. (4.7) is centered

K2 - 4(w/c) 2sin2(0/2), on a frequency that is lower than the central frequency w0 of
the incident light and its rms width is smaller. The fact that

where 8 is the scattering angle (Q • o - cos 0). Hence it r(6) < wo implies that the Gaussian function in the expres-

follows that, in this case, sion (4.7) is centered at a lower frequency (i.e., is red shifted)
)2 with respect to the Gaussian spectral line of the incident

CA& - lo), w] -"A exp[-2( , 2 (4.4) light, the magnitude of the shift depending on the angle of
scattering, 5 6. On the other hand, the factor w' in the

and the expression (3.7) for the spectrum of the scattered expression (4.7) is an increasing function of the frequency
field becomes and hence wil produce a shift toward the higher frequencies

AV 4 V2 .2M. (i.e., a blue shift). Consequently the spectrum of the scat-
s, -Vi' W) - -(± ex[-2 tered field wi be either red shifted or blue shifted with

r \C/ c respect to the spectrum of the incident light, depending on

(4.5) the magnitudes of these two contributions. It is shown in

Suppose that the spectrum of the incident field is a Gauss- Appendix C that the maximum of the spectrum [Eq. (4.7)] of

ian function of rms width rF, centered at frequency wo, i.e., the scattered field at scattering angle 6 occurs at frequency .7

that (- wo'(), where

Sa) - Be(4.6) 2 ) , 1 + 1 + 1 4.10)

J It is customary, especially in astronomy, to specify frequen-

where B, w0 and ro are positive constants. On substituting cy shifts by the quantity
from Eq. (4.6) into Eq. (4.5), we see that the right-hand side X0" - X0 % - w0'
contains the product of two Gaussian functions. With the z - - (4.11)
help of a product theorem for Gaussian functions estab- A 0 '
lished in Appendix A, we show in Appendix B that the where o - 2vc/" is the original wavelength and X' - 2wc/

resulting expression for the spectrum of the scattered field wo'is the corresponding shifted wavelength. Evidently z >03 can be written in the form when the line is red shifted and z < 0 when it is blue shifted.
S(')(r, 0; w) - NMr)H(8) expl- 1 [W - ra(6 ]} On substituting from Eq. (4.10) into Eq. (4.11) we readily

- N)7 find that in the present case

where we have now written S")(r, 0; ,) rather than S-(r9, 2o(0) - 1 + I + a2(9) - 21/
wo). The various quantities that appear on the right-hand W

side of Eq. (4.7) are defined by the following formulas: z()Ta [I) (4.12)VAB 1~~ +[' + AO jr ] /
N(r) - V42, (4.8a) ( (-

1 2 uWere the scatterer completely uncorrelated (o - 0), we

H(-) - x - ) sin( 4.8b) would have, according to Eq. (4.8c), a - I for all values of 8,
f1) a2(0) A- 2  and Eq. (4.12) would reduce to

- --( ° , ( 4 .8 c ) 1 _ [ + 4 __ 1

-r0  U (4.13)
r(o)"- r , (4.8d) + + (4\ ]11

a(9) L WaoJ

where In Figs. 2-4 our main results are illustrated by a number of
{l 1[2 (-)'2o in(t)]j1'2 computed curves. Figure 2 shows spectra of the scattered

S o 2(4.e) field at different angles of scattering for some selected values
of the parameters. Figure 3 illustrates the behavior of the

and height factor H() defined by Eq. (4.8b). The behavior of
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In the case when
12 (4r. o.)2 << 1, 0/uo 0( ) (4.14)

10 (conditions that were satisfied in connection with the cor-
puted curves), z() as given by Eq. (4.12) can be approximat-z 0 0 ed by an expression that clearly indicates the roles of the
physical parameters. One finds, after a straightforward cal-

j 0: 2 0 °  culation, that
Z> 48 - 4 _EySin2(0/2)1

m. o2300 
( )

2 e-450 -[(±) ( )JW (4.15)

0 where L0 - c/re is the coherence length of the incident light
3.3 3.4 3.5 3.6 (cf. Note 18). Further, when the conditions (4.14) are ful-

W fJ [10 s 1sac - 1]  filled, the fractional shift of the center frequency of thefiO'~Sec'JGaussian factor in Eq. (4.7), defined by the expression
Fig. 2. Spectrum in units of N(r)] of light scattered at various E ( )
angles 9, from a Gaussian correlated medium with rms width c - z() a W° - (416
3. Ao - 50A (wo - 3.427 X 101s sec'). The spectrum of the (4.161
incident light is a line with Gaussian profile of rms width r - 10-2&). The curve labeled 9 - 0 also represents the spectrum [in units is readily found to be approximately equal to
of N(r)] for the case when the scatterer is completely uncorrelated (a

-0) [see Eq.- (4.4)].

Hz(e)H) 0o0.0o (0)

1.0

0.8 O.O

0.003

30.6 .0 0.001 '

0.4 : !3 0."01

0.2 0' 900 1900

00 900 1801 e
Fig. 3. Height factor IH(a)] tEq. (4.8b)], with r/ - 10-2. The 0.004 b)
values of the correlation parameter a/Ao are indicated on the curves.

the relative frequency shift as a function of the angle of 03
scattering is shown in Fig. 4. We see that for a certain range
of directions around the forward direction 0 - 0, the line is 0.002
blue shifted (z < 0), but the magnitude of the shift decreases
with increasing 0, and eventually red-shifted lines (z > 0) areProduced. The lower curves in Fig. 4 show the difference 0. DOI
between the values pertaining to scattering from a spatially ¢o/ . 2

random medium of finite (nonzero) correlation length (o>
0) and from one that is completely uncorrelated (o - 0). 0 0
This difference is seen to be positive for all angles of scatter- 0 90 1900
ing 90 0, indicating that when the scatterer has a finite Fig. 4. Relative frequency shift z(9), (a), and the difference 8) -
(nonzero) correlation length the spectrum is always red () - (b), of the spectral line of light scattered at various

angles 9 from a Gausian-correlated medium with rms width o. Theshifted with respect to the spectrum that is produced with a spectrum of the incident light is a line with a Gaussian profile of rms
completely uncorrelated scatterer, width ro - 10-2 W.

I
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z (8 ) _ i (j). (A4) - -4( 24• (4.17) t2 - r1
2 + r 2

2

I Hence the first term in the formula (4.15) is a red shift due To establish this theorem we multiply together the two
to the spatial correlations in the physical properties of the formulas (Al) and express the product in the form
medium. The second term is a blue shift due to the dipole Gu - w1; r)G(w - W2 ; 2) - eXPI-g(W)b (A)
factor w4.-iwhere r 2  - )2 +I2(-

5. CONCLUDING REMARKS w

We have considered in this paper the effect of a random g(w) 2r1 
2r 2

2  (W - WI) 2 + r,'(w - W2) 2 1

medium whose physical properties do not change in time on
the spectrum of the light scattered by it. It is commonly (a2W2 - 2b + c) (A)
stated that under these circumstances the frequency of the 2r, 2r 2

2

incident light will not change by the process of scattering, and
How is it possible then that our analysis indicates that such
scattering may produce frequency shifts of the spectral a2  r 1

2 + r 2
2, (A7a)

lines? The resolution of this apparent paradox lies in the
fact that most previous work was concerned with the scatter- b -wr 2

2 + W2r 1
2, (A7b)

* ing of essentially monochromatic light, of well-defined fre- (A7 0
quency, wo, say. The spectrum of the scattered light will c wir 2 + w2 r1 .
then necessarily also be essentially monochromatic and of On completing the square in Eq. (A6), we find that
the same frequency wo. However, when the incident light is a 2  b 2 ( b'
polychromatic, the different frequency components of the g(w) 2 2 2 - + c -

incident light, which are scattered in any particular direc- 2r 1
2r2

2  a 2 1
2

tion, will be scattered with different strengths. As a result, I

the spectrum of the scattered light will differ from that of ( _t, hf(c - - (AS)
the incident light, even though the different frequency com- 2f 2  2F O2/

ponents are uncorrelated. As we showed, the difference
may manifest itself as a frequency shift. This possibility of whr
generating frequency shifts by scattering is analogous to that 1 2 2 1 + (A9)
discovered not long ago in connection with effects of source f 2  r F 2r 2

2  rl r 2

correlations on the spectrum of the emitted light.4-9 The 2
only difference is that we now deal with secondary sources, b _ a 1

2  
1

2  (A1)

namely, with the polarization induced in the scattering me- a2  r 1
2 + r 2

2

dium by the incident wave. The induced polarization will,
in general, be correlated over finite distances of the scatter- By using Eqs. (A7a)-(A7c), one can readily show that3 ing medium and will thus imitate correlations in primary 2 r2 2
sources. It was this analogy between scattering and radia- c _ 2W - W2)2 (All)
tion that, in fact, led to the present analysis. a2  r 1

2 + r 2
2

Finally we might mention that our results suggest a new On substituting from Eq. (All) into Eq. () and from Eq.
method for determining correlation properties of refractive- (AA) into Eq. (AS) we from Eh.
index distribution in spatially random media, based on the (AS) into Eq. (A5), we find that
analysis of the spectral changes produced by a spatially G(w - w; r,)G(w - w2; r2)
random medium when illuminated by polychromatic light of )2 i
known spectral composition. = ex (W1 - W2' leapt

i 2(r 12+ r2) - 2f1
I APPENDIX A: PRODUCT THEOREM FOR - G[w1 - W2; (r) 2 + r 2

2 ) 1 ]G(w - t; f), (A12)
GAUSSIAN FUNCTIONS

In this appendix we will establish the following theorem. where the last step follows from Eq. (Al This completesTheorem: If the proof of the theorem.
e ISome remarks about the implications of this theorem are

G(w - w,; r,) - expf-(w - w) 2/2rs 2]  (" 1, 2), (AI) in order. Equation (A2) shows that the product of two
Gaussian functions is proportional to a new Gaussian func-

then tion, G(, - 4; h), the constant of proportionality being Gjw1

G(w - w ; rl)G(w - Wp2; r 2) - W2; (rl 2 + r22)1/2]. The center frequency and width of the
new Gaussian function are r and f", given by the formulas

G[jw - 'p2; (rl12 + r 2
2)/ 21G(w - i; 1), (A2) (A10) and (A9), respectively.

The relationship between r and the two original center
where frequencies w, and w2 can be expressed in a different form.

-wr 2' + W2r' It follows from Eq. (A3) that

r, 2 + r 2
2 W Q- flw- + f2W2, (A13)
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i where It will be convenient to rewrite Eqs. (B7) and (B8) as

_r2 2 +_f 2, [ 2 (A14) C (B9
r2 +r 2 2 r,2

+ r 2 2o I +( )

Since f, + f2 -1, & is a weighted average of the two original r0  ( 1  (B10)center frequencies. In particular, if0 < w, < W2, and neither r0 11 + (ro/r, )2]111

rI nor r 2 is zero,
I Wi < & 

< 
W2- (A15) Now from Eq. (B2) it follows that

The relationship between I and the original widths, rL r- si 2 (BID

and r 2, can be deduced from Eq. (A4). If neither r, nor r2 is F, c

zero, we find that the new Gaussian is narrower than either or, when the relation Aowo - c, (ko t.A,'2r is used, Eq. (B 11)
of the two original Gaussians, i.e., that gives

f <r1 , f <r 2 ' (A16) 0o O~s(B12
Finally, it follows directly from Eq. (A12) that the maxi- No wo

mum value (as a function of w) of the product G(w - wl; On substituting from Eq. (B12) into Eqs. (B9) and (BI0) we
r,)G(w - w2; r2) occurs at the frequency w - a and is equal to find that
IG(WI - W2; (01

2 + r 2
2)i/21, whereas the maximum values of

each of the original Gaussians occur at w - wj and are each * 1 (B13)
equal to unity. Therefore, as long as w, 9 W2, the maximum W o 2

value of the product of two Gaussians is smaller than the f 1
maximum value of either of the two original Gaussians. -(14)

TO a

APPENDIX B: DERIVATION OF EXPRESSION whereI(4.7) FOR SPECTRUM OF THE SCATTERED 0 F)]2ro e 1 P2.
FIELD a = I+ 2 (B15)

We have. according to Eqs. (4.5) and (4.6), Further we have, if we use Eqs. (B31),

I AV ex f , r (W- F)2l

* '(Aui-~ ep-2 ~ 2r i 11j r 2 + r= + j 7
ri (%2J

(Bi)I+ L

Iwhere19  -T2( "0)2

r, 2  c 2  or, if we also use Eq. (B14),

If we set r.2 + r 2 
- a2r .  (B16)

(W - W )2 Hence the first factor on the right-hand side of the identity
G(w - %; rI) = exi- 2( (B3) (B6) has the explicit form

N-. VA4) G[wo; (r0  + rI1 - exp
N=c 4r2 (B4 0Ja2,

I the expression (BI) becomes or, if we make use of Eq. (B12),

S1'1 (r, w) NW4G(,w; Fl)G(w - wo; r0). (B5) G[wo; (r 0
2 + r12)

2] exp - ( sin2(4•). (B17)

I Now according to the product theorem for Gaussian func- L [_ 2A

tions established in Appendix A, On substituting from Eq. (B17) into Eq. (B6) we find that

G(w; r)G(w - wo; to) - G[wo; (rr,2 + r 2
2) /1G(w - a; G(,w; r1)G(w - wo; o)

(B6) 2 26exp 22 ± 2 ]1

where

&M W017 (1 Finally, on substituting from Eq. (Bi8) into the expression
- (B7) (B5) we obtain the following expression for the spectrum of
r0
2 + r|2  the scattered field:I an xi -i6 2 ( 9

andI 1 I S '-(rf, w) , N(r)H(8)w' exp[ I [2 - r , (B39)
I + .(138) 2 re

f2 ro2  2  where

I



Wolf et al. Vol. 6, No. S/Auguat 1989/J. Opt. Soc. Am. A 1149
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Both of these roots can readily be shown to be frequencies at 18. It follows from Eqs. (4.8e) and (4.8c) that for a given value of 8
which f(A, 6) and consequently S1' )(r, 0; w) attain maximum the magnitude of this red shift depends on the product of the
values. Only the one with the positive sign is relevant be- two ratios c/Ao (the correlation length of the medium in units of

Sof Xo) and ro/ (the Linewidth of the incident light in units of v).
cause our use of the complex analytic signal represents- Since the linewidth of the incident light is r., its coherence
tion of the field 12 [see also Ref. 17, Sec. 10.2]. Denoting this length. Lo, may be defined by the expression Lo - c/o. There-
root by wo'(8), we have fore (v/o)lral/) u/Lo, and the expression (4.8e) may be

-o.I,. '+ - (C6
'(8)~~,(o =o 1+ +( )2] tj (C) rwitna

2a WO()
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- Conrelatio-Induced Doppler-Like Frequency Shifts of Spectral Unes
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(Received 7 February 199)

The question is examined whether there may be scattering media which could generate spectral fre-
quency shifts in radiation from sources that are at fet relative to the observer and yet would imitate
Doppler shifts. Scattering kernels of media whose physical properties fluctuate randomly in both space
and time are presented which achieve this to a good approximation. The frequency shifts produced in
this manner are not necessarily small. The results might be of particular interest in connection with the
long-standing controversy about the origin of some discrepancies observed in the spectra of quasars.

3 PACS numbers: 42.50.Ar, 03.80.+r. 0S.40.+j, 98.50.-v

It has been predicted theoretically') and confirmed are, in general, frequency dependent when they are gen-
experimentally ' not long ago that correlations in the erated by such correlations, whereas they are frequency
fluctuations of a source distribution can give rise to fre- independent when they are manifestations of the Doppler

I quency shifts of lines in the spectrum of the emitted radi- effect. Moreover, frequency shifts which are generated
ation, even when the source is at rest relative to the ob- by source correlations or by correlations in the constitu-
server. Because of the close analogy that exists between tive parameters of static scatterers are restricted in mag-
the processes of radiation and scattering. a similar eflect nitude to values that are of the order of or smaller than
may be expected to occur when radiation is scattered by the effective widths of the spectral lines" [see the discus-
a "static" medium, i.e., a medium whose constitutive pa- sion following Eq. (10) below].
rameters (e.g., the dielectric susceptibility) are indepen- In the present Letter we investigate whether a more

I dent of time but are random functions of position, with general correlation mechanism, involving dynamic
appropriate correlation properties. Indeed, a very recent scattering, could give rise to relative frequency shifts
theoretical analysis' has shown this to be the case. that are essentially the same for all the lines in the spec-

I The possibility of generating frequency shifts of spec- trum of radiation originating in a (stationary) source
tral lines by a mechanism other than the motion of the and whose magnitude could be arbitrarily large.
source relative to the observer or by gravitation might be Consider a linearly polarized plane electromagnetic
of particular interest for astronomy, especially in connec- wave of spectral profile St')(€) that propagates in the

tion with the long-standing controversy surrounding qua- direction specified by a unit vector u, incident on a linear
sars (see, for example, Refs. 9-14). However, source medium, localized in space, whose dielectric susceptibili-
correlations and correlations produced by static scatter- ty" ,j(r.,t;o) is a random function or both position (r)
ing do not imitate, in all respects, frequency shifts pro- and time (). We assume that the ensemble which

duced by the motion of a source relative to the observer characterizes the statistical behavior of the medium is

(i.e., Doppler shifts). The relative frequency shiftsIs  homogeneous, isotropic, and stationary, at least in the
wide sense." It has recently been shown that, within the

- [ .- - (I) accuracy of the first Born approximation, the spectrum
of the scattered field at a point r-r (lu'l ) in the

J far zone of the scatterer is given by 19

S(in(o,;ru,u) .mAw'f "' [ _U -- ,aW'-1 .c]S(J)oida. (2)

I where

(2x)3Vsin 2v, (3)

I n Eq. (2) c4r
2

(K, ;.w) - - f T G(RT;.)e (4)

is the generalized structure function of the scattering medium, being the t-ur-dimensional Fourier transform of the

2220 0 1989 The American Physical Society
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* oISItioS function3  hident radiation gives rise to ae and only afe frequen-
G(3l.T7.)-(,~r.t;)E(r+Lr+T.)) S) S, @V b the atterad radiatim and that, oeftover,

S.-..

of the dielectric susceptibility and the angular brackets Let s now turn to the more gcral cm of a medium
denote the average, taken over the ensemble of the ran- whose dielectric susceptibility varies randomly not only
dom medium. In Eq. (3) V rewpnts the volume of the in see but also in time. If $E(a.)m5(d-.), Eq.
scatterer (whose linear dimensions are assumed to be (6) ives
large mmpared to the correlation distance of 4), g 0 1)
denotes the angle between the direction of the electric
vactor of the incident wave and the direction a' of This formula implies that a frequency component 0MooI scattering, and c is the speed of light in vacuo. of the incident radiation will live rise to a frequency

For our purpose it is convenient to rewrite Eq. (2) in component st in the scattered radiation and that, in gen-
the form eral, .vp'ia and, moreover, there may be several values

of a', possibly a continuous range of them, associatedIS(in)(n;ruh~a) 4w4 h~ee, W ( , ;u',a)SU)(,)do, with any particular value of at An example of the

(6) latter situation is provided by Brillouin scattering from a
simple fluid under equilibrium conditions. The scatter-

where ing kernel is then proportional to the sum of three
*%Lorentzian distributions, centered at frequencies w'-wo.

, .; -I ~ e, J (7 tl+2(vfc)sin(1/2)], and ao~l-2(v/c)sin(/2)].
c where v is the speed of sound in the fluid and9 is the an-

We will refer to the function N'(Oismu',a) as the gle of scattering. Another example is discussed in Ref.
sctetkrel 21.acattering tene . As one of the simplest generalizations of the formula

S In the special case of static scattering the crrelation (8) to media which vary randomly both in space and in
function G(R,T;w) will be independent of the temporal time let us suppose that the scattering kernel has the
argument T and we will then denote it by g(R;oi). In formI this case Eqs. (4) and (7) imply that the scattering ker-
nel is gSven by Y(w',e;u',a) f(ai,.;aa)5(ai -. ), (12)

'(o',u;u',u) -i a - O w-) (9) where a is independent of the frequencies but may de-
I ' pend on a and a'. In this case the formula (6) gives the

following expression for the spectrum of the scattered ra-
where diation:

I~ fvg(R;W)e - ld3,R (9) '('ll, -Av'jf(&',aw';a',%)$°)(av'). (13)

(20) Suppose further that the spectrum $S)() of the in-

i s the three-dimensional spatial Fourier transform of cident radiation consists of a single line centered on the
g(R,w) and 5 is the Dirac delta function. On substitut- frequency v - and that over the width of the line the
ing from Eq. (8) into Eq. (6) we see that the spectrum of factor .df(a.ai;a,a) does not change appreciably
the scattered radiation is given by with #'. Then, accrding to Eq. (13) the spectrum

S ~ki';r'~a)of the scattered radiation will also consist)a(a-);W, o)(). (10) of a single line, but this line will be centered close to the
c frequency - where

U This expression, which is the electromagnetic analog of -, (14)
the main result of Ref. 8 relating to scattering of scalar
waves by static media, shows that spatial correlation of On substituting from Eq. (14) into the formula (1) we
the dielectric susceptibility, represented by the two-point see that the spectral line has been shifted in frequency by
crrelation function g(Rl.), modifies the spectrum of the relative amount
the radiation incident on the scatterer. However, be- -Z/o
cause the influence of the correlations is manifested in -- -a -. (1S)I Eq (10) only through a multiplicative factor, so new
frequency components are generated by, scattering Thus apart from a small contribution arising from the
Le., S( )(a,,a,a) -O whenever S')(a')uO]. This factor wf(i',ai';a',a), the relative frequency shift isi conclusion is, of course, an immediate consequence of the independent of the central frequency 5 of the speciral
presence of the factor X&''-0) in the expression (8), line of the incident radiation and of the width of the
which implies that each frequency component a of the line.
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I Evidently, if instead of a single line the spectrum of where a and a am positive quantities that am indepen-
the incident radiation consisted of several ines., each dent of the frequencies. Suppose that the spectrum of
would be shifted by essentially the same amount the incident radiation is the line
z -a-i, thus imitating a Doppler shift. The shift will
be towards the lower frequencies (redshift) if a> I and $()E)- "' , (17)
towards higher frequencies (blueshift) if a < I and can,
in principle, have any magnitude. where R, , and r art Positive contants. On substtut-

Next let us now consider a more general kernel, of the ing from Eqs. (16) and (17) into the formula (6) and as-

form suming that the factor f(.,.;,e) does not vary appre-
ciably with a over the effective width of the spectral line

(, u 'u) -f(eW',ru"%)e- "os' , (16) 1 (17), we obtain for S()(e,;ruu) the expression

S (-)(w,;ro,u) -Aa'f ;' S e _- e' )2/r2 - 9_1-2/2 do;. (18)

I The integral in Eq. (18) may be readily evaluated
(most simply by making use of the so-called product assumed to be a plane wave. For applications to quasars
theorem for Gaussian functions (cf. Appendix A of Ref. and possibly other astronomical objects, additional

* 8)) and one then finds that averaging over a range of directions of incidence would
also have to be performed. Moreover, extension of the

S(in)(a',u',u) -A~r(2.r) tna'/(.',5.u,u) analysis beyond the first Born approximation and also to

m ,- (' -/ e)'n2r4 , (19) anisotropic media might be required.22
There is a widely held opinion that no other mecha-

where nism except the Doppler effect and gravitation exist
rI! L(v'+r')'/1, ! '+ -In within the framework of present-day physics, which can

a 2(20) account even for parts of the redshifts observed in the
spectra of radiation that reaches us from astronomical

The formula (19) shows that the spectrum sources. The analysis presented in this Letter raises a

I S(')(w';ru',u) of the scattered radiation is proportional question about the correctness of this opinion.

to the product of the factor s'f(r',5;u',u) and a This research was supported by the National Science

Gaussian function centered at the frequency m'-5/a Foundation and by the Army Research Office. I wish to

and of ms width !". This Gaussian function is shifted thank Professor Jack W. Sulentic for making available
with respect to the Gaussian function (17) by an amount to me a preprint of his paper (cited in Ref. 16) prior to

whose relative value is again given by the expression publication and for stimulating discussions about quasar

(15) and is, therefore, independent of the mean frequen- astronomy.
cy 6 of the incident radiation. The widths of the two
lines are not the same, however. Moreover, the factor
'f(,Su,u) in Eq. (19) will produce a distortion of

I the line and possibly an additional frequency shift, whose
relative value may or may not be small compared to the RAIsO at the Institute of O University of Rochester,
value z -a - I, depending on the exact form of the func- Rochester, NY 14627.E.Wolf, Nature (Loedofi) 326, 363 (1937).

tion f(ama ;u',u). 2E Wolf, Opt. Commun. 62, 12 (1987).
It is evident from the preceding analysis that there is a 3E. Wolf, Phys. Rev. Lett. 9, 2646 (1987).

possibility that scattering from some media whose mac- 4D. Faklis and G. M. Morris, Opt. Let 13, 4 (198).
roscopic properties fluctuate randomly both in space and 5F. Gori, . Gusattri, C. Palma, and G. Padovani. Opt.
in time may generate frequency shifts of spectral lines Commun. 67, 1 (1988).
which closely resemble Doppler shifts. As mentioned . Indebetouw, J. Mod. Phys. 36, 251 (1989).
earlier, this possibility might be of particular interest in ISimilaf observations of frequency shiftu with acoustica

i connection with the long-standing quasar controversy, rather than with optical sautes have been made by M. F.

However, in order to apply the present theory to quasar Blocko. D. H. Douglass, ad . S, Kanox. Phys Rev. Let. $,

problems it would be necessary to have a reliable model 2649 (1987).

- available for the medium through which radiation origi- IE Wolf, J. T. Foley. ad F. Gori J. Opt. Sac. Am A. 6,

nating in these astronomical sources passes, and no mod- 114.e2 (1989).9G. . Field, H. Arp. and J. N. Ikbcal, M Ardshiff CoR.
els that have been proposed so far can be accepted with troversy (Benjamin, Reading, MA. 1973).
full confidence. Moreover, the very process of generation 14G. Iurbidge, in Objects of High Redkft. edited by G. 0.

I of the radiation that reaches us from quasars is not Abell and P. J. E Peebles (D Reidel, Boston, 1930), p. 99.
currently understood. One should also bear in mind that I J. W. Narlika r, in Quasars. edited by G. Swamap and V. I.
throughout the preceding analysis the incident field was Kapahi (D Reidel, Bostm. 196). p. 463.
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1H. Ap, Quait, Rasaks mud C.nueeter uterstellar and frequency is, In general. neesary when the macroopic
Media, Derkeley. CA., 1987). See also a review of this book physical properties of the medium change in time Ic. L. Man-
ead related discussions in Sky Telecope ". 38-43 (1988). d1 and E. Wolf. Opt. Comm. S. 95 (1973)).
j. W. Suisatic, is New Idea, in Astronomy. edited by F. 18W. 31. Davenport and W. L Root RA dom Signal: and

lernola J. W. Suieaic. and 3. F. Madore (Cambridge Univ. Noise (McGraw-Hill. New York. 1958). p. 60.
* IPm Cambridge. 1988). p. 123. SLE. Wolf and J. T. Foley. Phys. Rev. A 40, 579 (1989), Eq.

14G. Surbidge, Mercury 17, 136 (1988). (5.10). with obvious changes i notation.
IsW use ohere the standard notation: L, an the wavelength UThis orrelation function is analogous to the well-known

end the frequency of the lime center that would be measured in Van Hove two-partice errulation function frequently em-N a reference frame of the source and X',or are the corresponding ployed in neutsve scattering IL. Van Hm Phys. Rev. 95. 249
quantities that would be measured in the obwerver's frame. (1954)).

16Such frequency shifts may nevertheless have relevance to 2 1j. T. Foley and E- Wolf, Phys. Rev. A 40, 518 (1989).
quasars because different emission lines in many quasar spectra 2A correlation function G(T;M) for s class of anisotropic
exhibit small but physically significant differences in their z media which will generate Doppler-like frequency shifts is oon-
numbers 1C. M. Gaskell, Astrophys. J. 263, 79 (1982); in Qua. sidered in a paper by D. F. V. James, M. P. Savedoff. and E.
ars aod Gravitational Lures, Proceedings of the Twenty- Wolf, submitted recently to the .surophysical Journal. It is

i Fourth Liege International Astrophysics Colloquium (Institute also shown in that paper that the usual quasar models imply
d'Astropbysique, Universiti de likge, Liege. 1983), p. 473; J. characteristic anisotropies which arn consistent with correlation
Sulentic, Astrophys. J. 343, 54 (1989)3. functions of this class.

r7Tbe use of response functions which depend on both time
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I
"FFMIS OF SOURCE CORRELATION ON THE SPECMiUM OF UGHT

0. Michael MORRIS and Dean FAKLIS
6iam ue 0ilm f a , I MnWv cMy e. RXoae. NY) 4627 US4

Racived 17 November 1956

IEaleimmt ilustrate the Muem ofsource cor uptio w o W mpecrm oot o i t f f a ned It
i demoumwted tht source corm~latiou wbnieb violaete stalin8 bw [£. Wolf, ftyL Frv. Lzt. 56 (1986) 1370] produce a

maind specurum the faield that n duiemrn from the upwalmd w rm ofthe ibgt at the .orw.

1. Imtiwedon 2. Coherece b BMW pdmrl systms

I In a recent Letter by Wolf [ 11, i was shown that Consider a general linear system with an impulse-
the normalized spectrum of light is the same response function given by A(x, y,,r. w,), as illus-I throughout the far zone and is equal to the normal- trated in fig. 1. With a given transverse component
ind spectrum of light at the source provided that the of the electric field, we associate a complex analytic
complex degree ofspectral coberence isa function of signal u(C, Y t) and define the spectral amplitude
the variable k(p2-pi ) on)y, where (p,-pl) denotes V(?, o, w) to be the time-truncated Fourier trans-
the (vectorial) distance between two points on the form of u(C, Yr 1),
source, k=owuc, w represents the angular frequency T
and cis the speed of the ligt. If the complex degree V( ,r.w) f i(CPt) exp(+iwt d.

I of spectral coherence depends on frequency only
through the variable k(p 2-p,), the source is said to -r
mtisfy the scaling law. Using this definition one can express the spectral

It is well known that the correlation properties of amplitude of the system output U,(x, y, w) in terms
light can be controlled by application of the Van Cit- of the input spectral amplitude U, (C, or w) as follows

Mt-Zemike theorem 2-61. To date, using conven.

tional sources and optical systems, the secondary U3s(x, oa)
smurces with controlled correlation that have been r
produced all satisfy the scaling law. JJ UA(ot) h(xC, o..) dd7. (2)

In this article an experimental arrangement that
provides a secondary source with a complex dep
of coherence that is independent of the wavenumber _X

k (ie. violates the scaling law) is described. In accrd II
with theoretical predictions, when the scaling law is II
violated the spectrm in the far zone is not equal to HRsPons
1be specu-u of hot at the secondary source and it 14 h( y;Fl.m

also depends on the observation point. The experi-

mental measurements of the spectrum in the far zone
" we found to be in good agreement with theory. It

0 030-4011/871S03.S0 0 Elsevier Science Publishers B.V.

(Norh-Hoiland Physics Publishing Division)
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In eq. (2) the spatial coordinates in the input and in which Ip,,(€) I am assume values in the range
I output planes are denoted by (C. q) and (x, y), 04Iu(coI) 1l. ,12(w) is known as the wplexE respectively, and w,-2xdj. wbere A is the deeeofspelcou, ,MI [I.

wavelength.
When one considers the operation of an optical

system with broadband illumination, by far the most 3. Caunil of hatial cabana
convenient quantity to calculate is the crosspectr
density function defined [7) as Diagrms of the optical systems used in the exper.
W(XJ,,Y,; -T2, Y2; (0) iments an shown in 6& 2. In both sste cnfip-
IXrations, a primary soue inumin s a lar

V~x , yl w) 16 x2. 2; w >.aperure of radius a, in plane 1. It is assumed thatSJir) (3) illumination is provided by a Quasi-homogeneous
I".. 2T " thermal source [61 located dircly behind the aper-

in which (.>) denotes an average over n ensemble ture in plane I. The impuls-eresponse function con-
of sources. Note that the time-truncated field is used IectinI planes I and 13 is used to produce a secondary
since, in general, the noiselike field u(x, y, t) is not source with controlled spatial coherence at plane 11.
square integrable. The spectrum of light is measured at the secondar)

A quantity of particular interest in this article is source, plane II, and in the far field of the secondary
the spectral intensity source, plane III.
S.A theoretical expression for the complex degree of
S(x,y,w)sW(xy.xsy,w), (4) Ipectral coherne in the secondary source plane II

which represents the intensity at point (x, y) and fre- can be calculated using eqs. (6) and (7). For the sys-
quency w. Note that the total intensity at point (x, tern shown in fig. 2(a), plane I is located in the front
y) is obtained simply by integrating S(x, y, w) over focal plane of an achromatic telescope objective of
all temporal frequencies. focal length F. Plane 13 is located in the back focal

If an input object1 t(4, ' w) is inserted at plane I plane of the objective. For this case the impulse-I and illuminated by a field with spectra] amplitude
V.(4, rr w), then the spectral amplitude V(4, yi, w) (a)
leaving plane I is given approximately by OU

Usint eqs. (2), (3) and (3), the cross-spectral den- a.-'
sity function R'11 (x,, y; x2, y 2; w) in plane l is writ- III I
ten as

Wn(x 1 .y1;x2,y 2; W) utJJJiia(C. U

x It?(W. of; w) W(C, ,C'. W; (a) arfl k YV
xh(xi. Y,; C. or. w) P(xi. Y2; 'q; w) .- 1 lit

xdQ'qdZd d 7'. (6) F 2p o O -ln-o o wooodar .
Eq. (6) is a general expression relating the aoss- sourams W muUemd "alai m tu t (a) Musy the
spectrl densities in planes I and U. slis low, and (b) violaw the sing low. The alpaur 0 pue

It is useful to define a normalized form of the cross- I i Mumaed wih a boadbd, iap lbmaba le n' mi.

spectral density function given as follows: Mh I isoMIi .a th a iq apLia da e Van

1. y; iX. y; W) 12emIdary mour, Nam M..

6I
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S eponse function coanicting planes I and H is given &r,() .mworO(w), (10)by ,81r(w) =,/, (z)/z,. (11 )

(x, Y, C or w) when VO°(W) denotes the spectrum at the pr y
I _(-iw/2xcF)ezlp[(-iwl/..n(x?+y~q)]; (8) sore $,(z) is the Bessel function of order one,

X_ (daj')f(X3-XI)2 + (y2 -y)2112 and wo is a
this is the conventional impulse response for a Fo- constant. We will refer to sources that have a com-
F Fourier-transform system (91. plex degree of spectral coherence with the functional
In the system r aement show in F 2(b),an  form of eq. U) 0un Bes o ned sources.chromatic-Fourier-trnsorm lens 110-121 is By using eqs. (6). (7) nd (9) one can calculate

inserted between planes I and Ii. With spatially coh- expressions for spectral intensity and complex degree
erent light the ffect of this Fourier ac/romal is to of spectral coherence in plane U of fig. 2(b), and one
produce an optical Fourier transform in plane U in finds that
which the transform size is independent of wvep degree of spectra ch n n
le ecgth. The impulse response of the Fo gier qs. (1)and (1o3 ) St (ine (12)
mat is given by POM (w) -A, UT)Z', .(13 )

(x.) an ( out) where T(w) is introduced to acount for transmis-

-(- o/2xah)ept(-ico/-f)(xo+yp)]e (9) sion ses tl ui th the Fourier acimat,Z' =(coa ,/ [(x-x)2+ (y2,_),2 ,% and Jr is&a

in which too is a constant and cos nds to a par- constant. Note that the only difference in te expres-ticular design frequency. sions for the complex degee of spectra coherence in
The efect of the impulse-response f'uctions givn eqs. (IlI) and (13) is that w in eq. (I1I) has been

by eqs. (8) and (9) is illustrted in fig 3; thesw pho- re.plced by wo in eq. (13). A detailed calculation for
itographs are optical trmsform patters recorded in the spectra intensity shows that V1 (r; cw) is inde-

plane 11 of the systems in fig. 2 (a) and 2 (b) respec- pendent of the spatial location r only in a region
tively. In each case, a 400-gm-diameter, circular whose size depends on the spectral bandwidth. In the
aperture is inserted in plane I and illuminated with experiments reported below, a circular aperture is
spatially coherent, broadband Wt. The spectra! inserted in plane U to ensure that
bandwidth of the it is 200 om. In fig. 3(a) one S"?,(r;ca)=SP(co)fora points within the aperture.
notes that the size of the transform pattern scales In-
early with the wavelength of ilumination. The scal-
ing of the pattern with wavelength can be traced 4. Spectra. a Ughg Ia the hr Geld
directly to the frequency dependence of h'(x, y, C.I Prc) in eq. (8). The system in fig. 2(a) produces a The spectrum oflight in the farfieldofthe second-
secondary source in plane U that obeys the scaling ary source located in plane U can be calculated using
law. In fig. 3(b) it is seen that the scale size of the the above linear system formilism to describe the
optical transform pattern produced by the Fourier propagation between planes U and ELI of fig. 2. The
achromat is independent of the illumination wave- spectral intensity in plane [ is readily found to be
length. The Fourier achromat of fig. 2(b) produces a given by the following formula.
secondary source in plane U such that the complex
degree of spectral coherence is independent of the S11,(U, V, o)
illumination wavelength, and therefore, does not sat- -rr i ?(a
isy the scaling law. - Jft(x.,,; co) It,(X2, y: W)

Using eqs. (6)-(8) gives the following expres-
sios for the spectral intensity and complex degree X W01.y1;X3,y3;to) h'"(, V ,.1;)
ofspectral coherence in plane n for the system in fi.
2(a): XAhin"(u, P; x2.y3; o) dx, d4, dx, dy2. (14)

7
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where tr,(x. y, W) represents a transmission function ()

in plane H. and 1- -

A 1n1(v, v; x,y; w) (i,12xcz)

Xexp[( +iwl2cz)(u + v)] 1

xexp[(-i/c)(ux+vy)]. (15) J
Taking ill(x, y. w)= I and using eqs. (7), (10),

( 11) and (14), one finds that
S "jj(r,w )=-K ,3 ', (w ), r lz F , (16)

n0, r>alzlF,

where r= (u 2+ v')"and 2 is a constant. 3 3A 43 4.2

Using eqs. (7) and (12)-(14) one obtains the fol- .Oi 10'1(Sc. )
lowing expression for the spectrum of the field in the 1b)
far zone of the achromatized secondary source of fig.
2(b): 1A

I S (rW)=3(W/Wo)d4Sj(w), rwoajz/wF, ,2

@CC). r>W0a 1/F, s a nsno -)

* J 0.6
S. Enperimental nts 0

Ib the experiments a l-watt tungstenhalogen

lamp is used as the primary source and is located in 2 a 4.0
close proximity behind a circular aperture of radius FrqeCY. ( 1O'lJl(' )
&,=2.3 mim in plane I (see fig. 21. The focal length
Fis 180 mm. Using these values the coherence inter- Fla. 4. Normhad sp tcua intensity at the semdary source plane

val at the secondary source plane 11 is 24 ;an at I am an the far field of the secondary source, plane Ill, for (8) a
source that obeys the scalrng as,, and (b) a source in which the

A=AI0 1 550 rm. complex dePee of pectral cobertence is independent of the illu.

A circular aperture of radius a2-=0.5 mm is located mination frequency (i.e., violates tbe mling law). In (a) the

in plane 1. The far-field condition is satisfied when specta intensity is mormahzed to the pea value of the spectral

p &21A = 0. 5 m at A = 500 rm. To obtain an accept- iensity in the tspec ive planes. In (b) the spet-r intensit) in

able SNR in our detection system, the distance : is ..anes !1 and III are smied sothat S? (Wo)uS5L(0.wo)m I.I taken to be one meter. The aperture in plane 11 is also
used to ensure that the spectrum of the secondary
source in the experimental arrangement of fi. 2(b) measured at the source plane II and at various loca-

i s independent of the spatial location within the tions in the far field, plane I1, for the system config-
aperture Isee eq. (12)). ration of fig. 2(a). As expected, mince this source

The spectral intensity of the light at the various obeys the scaling law, the normalized spectrum is
- observation points is measured using a grating indeed invariant on propagation.

monochromnator. In the experiments involving the system configu-
Fig, 4(a) shows curves for the spectral intensity ntion offig. 2(b), an lassFourier achromat [ I1 ]

1 9I
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1.0 sake of brevity, this calculation is omitted in the

present treatment.

0$map

As observed in the experiments and consistent with
Wolfrs theoretical predictions 11), the spectrum of

UP light in the far field depends on the correlation prop-
' 0 2  erties of the light at the source. If the optical field at

I the source obeys the scaling law, the spectrum of light

w I C on propagation is invariant. Departures from the

32 4 &6 3A 4.0 scaling law produce changes in the spectrum that

I r~nm y , In I0'J (600) depend on the correlation properties of the source and
on the location of the observation point.

Fig. 5. Measured values of the norniahzed specual intensity in In our experiments a circular aperture is inserted

tbe far field, plant 1ll, for cae (b) (i.e.when the our does not in plane I of fig. 2 to produce a secondary source atobey the -,'-ing Is-). T"e spectra) intensity is mauuvd at off- cread(see.(I)an

aais anges e01, 10", IS'. 20. Note that ti pectral intensity plane I1 that is Dessel-corilated (see eqs. (II) and
versus w a-rows as the off-ais &We 0incrmases. The intensity (13)]. A Fourier achromat [see fig. 2(b)] is used to
data ar tormalized with spec to S1, 1(O;a,). wbeit m produce a field correlation in plane II that is inde-
3.2 x 0'"-'. pendent of the illumination frequency (a departure

from the scaling law). In this case the spectrum in
the far field is different from the spectrum measured

I is used. The lens consists of three widely spaced lens at the source and changes for different observation
groups. The lens is capable of forming 250 adjacent, points in the far field [see eq. (17) and figs. 4 and
achromatized Airy disks across a 7-mm diameter in 5]. While a Bessel-correlated source was used in these
the optical transform plane. Achromatization is well experiments, it is noted that virtually any allowed
corrected for wavelengths ranging from approxi- functional form for the complex degree of spectral
mately 470 nin to 59Onm 14.0X I'0> w>3.2x 10' coherence can be produced through application ofthe
5"11. Van Cirten-Zernike theorem. For example, a pus-

I The spectral intensity measured on-axis at planes san-correlated source can be produced by inserting
I and III for the Fourier-achromat-system configu- a pussian transmission function in plane I. A Four-
ration is shown in fig. 4(b) - the solid curves are ier achromat inserted between planes I and II elimi-
plotted from laboratory measurements and the nates the wavelength dependence in the complex
dashed curve is the theoretical prediction for the degree of spectral coherence in plane HI. A different
spectral intensity as given in eq. (17). frequency dependence for the complex degree of

In fig. S. measurements of the spectral intensity at spectral coherence could be produced by a modifi-E various off-axis points in plane III of fig. 2(b) are cation of the design rules used for the Fourier
iven. Note that the width of the spectral intensity achromat.

versus wv narrows as the angle of observation The effects of source correlation on the spectrum
I increases. For the off-axis points, the measured val. is to be distinguished from changes in the spectrum

nes of the spectral intensity are somewhat lower than due to diffraction of fully or partially coherent light
that predicted by eq. (17). This can be explained by by an aperture located in the source plane. Although
the fact that the far-field condition is only approxi. both effects can modify the spectrum of ligt on
mately satisfied. For the calculation of the spectral propagation, their physical origin is different. For
intensity at off-axis points in plane 111, one should example, suppose that one placed a diffraction pat-
actually use the impulse response that co. nds ins in the seondary-source plane 11. Using eq. (14)R to a Fresnel-diffraction geometry. However, for the and the appropriate expression for the transmission

10I
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function ln(xyw) of.a diffraction pating. one cm Mkow sipnI wnitemanexpesion for the spectruin SD(u P;oi) in
the far field. Thie transmission function tu(x. y. w) Helpful discussions with E. Wolf are gratefully
willuffect Sit,(u, v; w) only if the cohemece interval, aclanowledged. This research was supported in paW

- asocitedwith the cross-spectral density Wu(xi, y,-, by the New York State Center for Advanced optical
x ; w) , is onthe order ofor reater than the pat- Technology.
inS period, i.e. the light is spatially coherent over at
least a portion of the grating structure. Sirmilia r a.I soingcan be used for the case in which a refractive aferelaces;
element, such as a prism, is placed in the secondary-
source plane. I I IE. Wof. Pby. Rev. Lemt M6 (19"6) 1370.

In OUr experiments, a 1-mm-diameter circular 121 BJ. Thompson, 3. Opt. Soc. Am. 56(0%3) 1157.
apetur isinsrte i plne . Te prpse f tis 31 J.Thotrpson. in: Optical data procea-pMicions,

* aprtur isinsetedin pane i. he prpoe ofthi D. Callsent. Topics in Ap PhyL. Val. 23 (Spnner.
aperture is to ensure that the far-field condition is Vef etin 1 975).Esatisfied (approximately) in the measurements of (4) Mi. Doma and E. Woff, Pnncipks of optics (6th Ed.,. Persa.
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Observation of Frequency Shifts of Spectral Lines Due to Source Correlations
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Wolf has recently shown that the spectrum of radiation from an extended source changes on propaga-
tion unless a certain scaling condition is obeyed by the degree of spectral coherence across the source.
For a large class of source-coherence functions, the change may be such as to produce red shifts or blue
shifts of spectral lines. We have performed an acoustic experiment with two small partially correlated
sources and demonstrated Wolfs prediction of frequency shifts of spectral lines by this mechanism.

PACS numbers: 42.68. Hf, 42.10.Mg, 43.20.+g1
Wolf' has shown theoretically that the spectral density the frequency. For our case one finds that Eq. (i)

of radiation in the far zone of an extended source may be reduces to the following expression for the spectral inten-
different from the spectral density of the individual radi- sity Sv(w) at the observation point:
ating source points if there is some spatial coherence be-
tween the source fluctuations at different points in the SU(w)=SQ(w)[I +RepQ(w)J. (2)

I source region. Morris and Faklis subsequently confirmed This formula is derived and p(w) is defined in the ac-
experimentally the noninvariance of the spectrum for ra- companying Letter (Wolf,5 Eq. (8)], where it is also
diation from a particular optical source. 2 In later publi- shown that the factor II + Rep Q(W] in Eq. (2) can pro-

I cations Wolf 3" has shown that the center frequency of a duce a field spectrum Su(w) whose central frequency is
spectral line could be shifted from the center frequency shifted either towards the lower frequencies (producing a
of the same line as seen at the source. This shift could red shift) or towards the higher frequencies (producing a
be either a red shift or a blue shift depending on the blue shift), compared with the central frequency of the
specific form of the source-correlation function. source spectrum SQW).

Wols main result is the following expression for the We have demonstrated this "Wolf shift" with a two-
spectral density of the field at frequency w, at a point Ru point acoustic source which has a frequency-dependentI (U 2 - I) in the far zone, emitted by sources of a wide cross correlation of the two source points. We have ob-
class: served both red shifts and blue shifts.

SV(Ru)-SQ(w ) )(ku,w). Our experiment is illustrated in Fig. 1. Two loud-I speakers of diameter d-9 cm are separated by a dis-
Here SQWo) is the spectral density at each source point, tance D-40 cm and located at distances R, and R,
gQ(ku,&)) is the spatial Fourier transform of the degree from a microphone with an aperture of 1.5 cm. We
of spectral coherence pQ(rj -r2,aJ) of the source fluctua- chose R1 -R 2-3 m. None of these dimensions ap-
tions at two typical source points, and k -(o/c, c being peared to be critical and were not expected to be. An
the velocity of propagation of the radiation. Formula acoustic spectral line, i.e., band-limited random noise,
(I) shows that, in general, the spectrum of the far field with center frequency wo (wavelength X0) and width Aw
will not be equal to the source spectrum SQ(w) but will was broadcast from each speaker.
be modified by the source correlations. in Fig. 2 we show the detected spectral density of the

Wolf's analysis was based on correlation theory of sca- field from source I, labeled A, and source 2, labeled B.
lar fields and hence must also apply to acoustic fields. These spectra were measured at the microphone one at a
To test experimentally the dependence of the spectrum time, with the other source switched off, and had the
of the emitted field on the correlation properties of the same shape as the spectra at the source which we verified
source, we considered a very simple radiating system, by also measuring the spectrum of the voltage wave form
consisting of two small correlated acoustical sources with which drove each speaker. The intensities of the two
the same source spectrum SQ(w) and we measured the sources at each frequency were equal to within 5%; the
spectrum Su(w) of the emi:ted field in the far zone. The center frequencies were both at 1180 Hz and theI correlation between the two sources can be characterized linewidth at half maximum amplitude was -300 Hz.
by a correlation coefficient pQ(w) which is a function of The spectral density of the sound at the microphone with

0 1987 The American Physical Society 2649
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FIG. 2. Square root of the spectral density of the acoustic
spectral lines in three cases. The curves labeled A and B are
the results of measurements at the microphone when one
source at a time is switched on. The curve labeled C represents
the red-shifted acoustic spectral line when both sources arc3 switched on to act as a correlated extended source.

Detector ence PQ(o)) and we find that
FIG. . The configuration of our experiment. Two acoustic ,u gW -[My(w)SQ(w)] - 1 (3)

sources each with diameter d are located distance D apart.
The detector is a microphone at distances R, and R2 from the where Sy(w) is the spectrum of y( ). Using Eq. (2) we3 two sources. find the spectral density at the observation point is

both sources switched on is shown by the curve labeled C Su(W)cSy(W, (4)

i in Fig. 2. It has a peak at 1020 Hz exhibiting a red shift i.e., it is proportional to the spectrum of the correlated
of 160 Hz. We will now explain how this was achieved, components of the signals which drove the two speakers.

Although both sources radiated band-limited random We also produced a blue shift of a spectral line by
noise with the same spectral density, they were, in fact, moving the center frequency of the anticorrelated corn-
partially correlated. Each spectrum had two parts, an ponent of the source spectra to 840 Hz keeping the
anticorrelated component, a broad line centered at 1180 correlated components the same. With both sources
Hz, and a correlated component centered at 1020 Hz.
The anticorrelated component of each line was prepared
by modulating the phase of a Hewlett-Packard 3325A I
frequency synthesizer with low-pass filtered white noiseI which created a 300-Hz-wide spectral line centered at
the synthesizer's set frequency. This signal was passed A - - C

through a L-C notch filter set at 1020 Hz then split into-
two equal parts, and one part was inverted to yield two
anticorrelated random signals x(t) and -x(). The a
correlated components 'were generated by passing the
output of a second Hewlett-Packard 3325A synthesizer,
which was set to the same frequency as the first and
phase modulated by an independent source of random
noise, through a L-C band-pass filter tuned to the same
frequency as the notch filter. This signal was divided ,1
into two equal pans, each denoted by y(:), and added to 03 3.0 1.5 1.0 2.3
the uncorrelated signals to give the two signals x() Fav G3 OMNI

+y(t) and -x()+y(r) which drove the speakers. FIG. 3. The curves labeled A and B have the same meaning
Assuming x(t) and y(t) to be independent random as in Fig. 2. The curve labeled C now represents a blue-shifted

processes, one can calculate the degree of spectral coher- line.
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I switched on, the peak in the spectrum at the detector was tioned 6"7 and Wolf has suggested that this new mecha-
at 1000 Hz, thus exhibiting a 160-Hz blue shift, as seen nism may provide contributions to the red shifts of
in Fig. 3. quasers.3 However, there has not yet been offered any

There were a few other features in the spectra which firm suggestion for the origin of possible correlations
we now wish to explain. The weak line present at 300 among radiating atoms in astronomical sources but the

* Hz and the feature at very low frequency were both correlation lengths required for producing observable red
direct electrical pickup from the power lines and had no shifts need only be of the order of a wavelength, 3 which
effect on the experiment. The jagged features in the seems a relatively modest requirement.
spectra in Fig. 2 seem to be an effect of the room in We would like to thank Emil Wolf for several useful
which the experiments were performed. The rectangular discussions as well as for his valuable suggestions on this
room was not totally anechoic and the room resonances Letter. We also thank Dennis Fleisher for discussions
made it impossible to simultaneously obtain smooth and for providing the use of the acoustically shielded
profiles for all the lines, room. Finally, we wish to thank Jeffrey Baxter for his

In summary, we have confirmed experimentally the assistance with the experiments. This research was sup-
theoretical prediction that lines in the spectrum of radia- ported in part by the Office of Naval Research.
tion from a partially coherent source may indeed be
shifted with respect to their locations in the emitted
spectra of the individual source points. The significance (a)Also at Laboratory for Laser Energetics, University of
of this effect goes, however, beyond the present illustra- Rochester, Rochester, NY 14623.
tion of principle. It demonstrates a new mechanism by IE. Wolf, Phys. Rev. Lett. 56. 1370 (1986).
which spectral lines from extended sources ma be fre- 2G. M. Morris and D. Faklis, Opt. Commun. 62, 5 (1987).w shi ted.ral is ffetendedsourcs may be ro- E. Wolf, Nature (London) 326, 363 (1987).quency shifted. This effect may be important in astro- 'E. Wolf, Opt. Commun. 62, 12 (1987).physics. The effect of spatial correlations between emit- 5E. Wolf, preceding Ltter Phys. Rev. Lett. 58, 2646
ting elements of an extended astronomical source have (1987)].
not previously been considered (with the possible excep- 6G. B. Field, H. Arp, and J. N. Bahcall, The Redshift Con-
tion of astronomical masers). Specifically, the cosmolog- tro&ersy (Benjamin, Reading, MA, 1973).
ical interpretation of the quasar red shifts has been ques- 7j. Sulentic, Astrophys. J. 265, L49 (1983).
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Frequency shifts of the optical spectra emitted b) a pair of suitabl) correlated small sources have been recenil. predicted by

Wolf and demonstrated expenmentally in the acoustic domain b) Bocko. Douglass and Knox. We shoA that a small modification
in the form of the correlation functions used b) Wolf leads to a model of the correlated pair that can be easily synthesized in the
optical domain. The results of experimental tests exhibiting redshifts and blueshifts are presented.

The existence of spatial correlations within a source perimental synthesis of the source quite easy. We shall
affects the way in which the spectral properties of the begin by recalling a few essential results from the pa-
light emitted by the source propagate [ 1-4 ]. Fur- per of Wolf J7 ]. Two small fluctuating sources, par-
thermore, it has been proved by Wolf that a suitably tially correlated, are located at certain points, say P,
correlated source can give rise to redshifts or blue- and P2. The space-frequency description of the cor-
shifts of the emitted light with respect to the case of relation between the source fluctuations is given by
an uncorrelated source [5,61. In view of the impor- the cross-spectral density [9) 14Q(PI, P2, w), where
tance of this prediction, in particular for astronom- w is the angular frequency. The normalized version
ical problems, experimental proofs of it are very of the cross-spectral density is the degree of spectral

significant. In order to facilitiate experiments, Wolf coherence [9)
offered hat is perhaps the simplest model of a source
exhibiting rcdshifts and blueshifts of the above type PQ (P,, P2. w) = 4'Q (P,, P2, c)/S0 (co), (i)
[7 ]. It consists of a pair of small sources suitably where So(wo) is the spectrum (assumed to be the
correlated. Bocko, Douglass and Knox [8] suc- same) of each of the two source distributions. Sup-
ceeded in s) nthesizing an acoustic source of this type pose that the spectrum of the field produced by the
and found a complete agreement with the theoretical two sources is observed at any point P on the per-
predictions. pendicular bisector of the line joining P , and P2. Wolf

In spite of its simplicity, the form of the correla- showed that such a spectrum, say Su(P, w), is given
tion functions used in Wolf's paper is not very easy by
to synthesize in the optical domain. To overcome
this, we propose a small modification of the form of Su(P,w)= (2/R'),S(w) [l+Rep 0 (w) ] , (2)
the correlation functions to be used in the source where Re denotes the real part and R is the common
model. We will show that in this way redshifts and distance of the point P from the two sources. Here-
blueshifts can still be exhibited while making the ex- after, the explicit dependence of both pQ and 14"0 on

0 030-4018/88/$03.50 0 Elsevier Science Publishers B.V.5 (North-Holland Physics Publishing Division)
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P, and P2 is dropped. Eq.(2) clearly shows that the In order to see that eq.0) can entail a redshift or a
field spectrum Su at the point P is different from the blueshift, let us refer to the case A=A,#, 6o=6,, and

source spectrum SQ unless the degree of spectral co- iw.-wl <26. In this case, the overlapping of the
herence is independent from w (in particular, for two gaussian profiles given by eq. (7) gives rise to a
either uncorrelated sources, i.e. for aQ(w)=O, or curve in which the two component lines are not re-
perfectly correlated sources, i.e. for Q(w) = I ). In solved and the source spectrum has a maximum at
certain cases, the field spectrum can be redshifted or wM= (wo+ wp)/2. Accordingly, the field spectrum,

biueshifted with respect to the spectrum of the source see eq.(8), is redshifted if w,,< w and blueshifted
fluctuations. This can be seen through a suitable in the opposite case. An example is shown in fig. 1,
choice of HWQ(w) and SQ(W). We shall first consider where the numerical values are approximately the
the form chosen by Wolf in ref. [7]. In order to fa- same as in the experiment to follow. Furthermore, it
cilitate the comparison with the modified form to be can be easily seen that the shift phenomena appear
seen shortly, we shall quote the Wolf's formulas in even if the conditions on the parameters of eqs.(6)
the following manner, slightly different (but of course and (7) are somewhat relaxed.

equivalent) to the original one The main virtue of the present source model. as
Wo (w) =B exp[- (w-w)'/26'2 ]compared to the previous one, is that an experimen-'

0  tal synthesis of it is easier to produce.

-A eXp[(W-wo) 2/2J 2j , (3) In order to see this, we begin by noting that both
S=2the cross-spectral density and the power spectrum

So(co)--A exp[- (w-w) 2 /2 ], (4) described by eqs.(6), (7) are the sum of two terms

where A, too, w, 60 and 6; are all positive constants with weighting factors A, and A. Were A,6=0, the

with the same meaning as in ref. [7 ]. B is also a po- remaining terms in eqs. (6) and (7) would represent

sitive constant and must satisfy the inequality perfectly correlated source fluctuations at P, and P2

B/A<2 (see ref. [7] for further details). On in- with a gaussian power spectrum centered at wo. In
serting from eqs. (3) and (4) into eqs. (I) and (2), fact, on evaluating the degree of spectral coherence
the following expression is obtained for the spectrum we would find ,uQ(w) = 1. On the other hand, were

of the field at the point P

eSou(P,w)=(2B/R2 )exp[-(w-;) 2 /2 ?]. (5)

Hence, a redshift is produced if w; <co and a blue-3m shift in the opposite case.
We now modify WQ and So in the following way

06'

W0 (co)=A. exp[ - (&-w )/23.', G4
-A exp[- (c-w) 2 /26 J ], (6)

SQ (ca)=A. exp[- (w-cao )2 /23.2 0.2

+A, exp[- (w- )'/26J , (7)

where 4,, A,,, w., cup, J. and 60 are positive con- 2.90 am 310
stants. For the moment, no constraint is imposed on o,.' ra4%
A/ A. On comparing eqs.(6), (7) with eqs.(3), (4), Fig. . Redhift and blueshif produced b) two sources correlated

we see that the present case differs from the one con- as in eqs.(6) and (7). Curve (a): spictrum obtained %hen the
sidered by Wolf mainly for the form of SQ(w). How- sources radiate simultaneously with the folloing parameters:
ever, see eq.(i), the normalized version of the w,=3.0I x 10" lrd/s; wL=3.O4x O" rad/s. .J,=Jp2.5X 10"
correlation function jp0 (w) is also modified. Pro- rad/s; A.40=l (arbitraryunits) Curve (b): sameascurve (a)

ceeding as before, we easily obtain except that w.=3.04x|0"' rad/s and w,=301xI0" rmd/s.
Curve (c): field spectrum (multiplied by a factor 2) produced atSSu (w)= (4A./R 2) exp[- (w-w.)'/26 ]. (8) theobservation point by a single souce.
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A,=0, we would find/pg(w)=-, evidentiating that minosity of the system). Each of the two beams B.
the second term alone in eqs.(6) and (7) accounts and B,. spatially coherent across the distance from
for perfectly anticorrelated fluctuations of the P, to P2, was prepared in a standard way by colli-
sources. For A. ,#0 and A,## 0, the source correlation mating the light emerging from a sufficiently narrow
has both a correlated and an anticorrelated compo- slit illuminated by a primary halogen lamp. Filters
nent. These two components are mutually indepen- were inserted across each beam in order to produce
dent as implied by the fact that they are summed the required spectral distribution. In a first expern-
together in eqs. (6) and (7). ment, aimed at evidentiating the redshift phenom-

Starting from the previous interpretation it is not enon, the spectrum of B. was centered at a

difficult to devise possible schemes for synthesizing wavelength of 526 nm (giving Wo= 3.01 x 10"rad/s)
two small sources describable by eqs.(6) and (7). with a linewidth of 8 nm, whereas the spectrum of
As an example, let us refer to the scheme of fig. 2. Bp was centered at 520 nm (w,= 3.04 x 10"1 rad/s)
The two sources are realized as small holes, centered with a linewidth of 10 nm. In fig. 3, curve (c) gives
at P, and P2, pierced in an opaque mask M. Each the spectrum produced at P by a single source (at
hole is illuminated by two different beams of light by either P, or P2). Curve (a) gives the spectrum oh-
means of a beam-splitter BS. One beam, say B., pro- tained a! P when both sources are turned on. A shift
vides a spatially coherent and cophasal illumination of the spectral maximum towards lower frequencies
at P, and P.. Its power spectrum is described by of about I x 10"1 rad/s is revealed. In order to pro-
eq. (7) letting A,= 0. The other beam, say B,. whose duce a blueshift, the spectra of B. and BA were in-
power spectrum is obtained by eq.(7) lettingA,=0, terchanged (wo= 3.04x 1011 rad/s; wp=3.01 x 10"
gives a spatially coherent but anticorrelated (i.e. with rad/s). The system was adjusted in such a way that
a ir dephasing) illumina. 'n at P, and P2. The an- the spectrum produced at P b) a single source is still
ticorrelation condition can be easily satisfied acting represented by the curve (c). The spectrum oh-
on the angular position of BS in order to produce a tained in this new situation when both sources are
suitable tilting of the wavefronts of Bp with respect radiating is given by curve (b). A blueshift of about
to M. The spectrum of the field produced by the two 2x 103 rad/s is apparent. The asymmetr between
sources at a point P located at the same distance R redshift and blueshift in the present experiment is to
from both sources is then examined by a spectrum
analyzer SA.

Of course, the two sources synthesized in this way 1.0
are secondary instead of primary sources, but this ,a)

does not change the basic mechanism leading to the _ ib)
redshift or blueshift phenomenon.

We performed an experimental test of the synthe-
sis procedure using a scheme derived from that of f 06
fig. 2, with some unessential changes (such as re-
placing holes by rectilinear slits to improve the lu- t' 04

B,,

3Fig 3. Experimental results (heavy dots) ofthe measurement of

field spectrum for the redshifting (curve (a)) and the blueshift-

B ing (curve (b)). Curve (c) represent the spectrum (multiplied
b) a factor 2) produced b) a single source. For the sake ofclant),

Fig 2. Experimental setup. the experimental points have been connecled b) lines.
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WOLF SHIFT AND ITS APPLICATION IN SPECTRORADIOMETRY
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Shifts in spectral lines, due to source correlation and violation of scaling law . have been discussed with reference to spectrora-
diometric measurements. The large scatter found in the intercompanson of spectroradiometnc sc-ales maintained bh standards
laboratories is attributed to the spectral shifts.

1. Introduction In spectroradiometric measurements it is usual to
place an integrating sphere before the entrance slit of

Recently Wolf [1-3] has shown that statistical the monochromator so that radiation enters the
correlation of light emitted by a partially coherent monochromator only after undergoing multiple re-
source can produce a frequency shift in the spectrum flections within the sphere. Accurately measured
observed in the far field. This shift is produced only small apertures of mm order dimensions are put on
when the correlation function of the emitted radia- the surface of the integrating sphere. These apertures
tion does not satisfy a certain scaling law. A few ex- and the optics involved modify the degree of spectral
perimer, ts [4-8 ] have been performed to prove this coherence of the light incident on the monochrom-
theoretcal prediction which has far reaching con- ator and the monochromator behaves in an erratic
sequences in the field of optical measurements. The manner.
effect aa be directly observed in spectroradiometric This communication describes the effects of ap-
measu-ements where the spectral power of a source ertures placed in the optical path and the observed
is meas'ired as power emanating/incident per unit shifts in the source spectrum. We have also endea-
area ptr unit wavelength. To measure the spectral voured to provide an explanation for the unexpected
power distribution, different apertures are placed in nonuniform behaviour of the monochromator.
the optical path between the source and the mono-
chron' tor. These apertures make the incoherent light
partially coherent and a source correlation is intro- 2. Theory
duced which along with the optics involved violates
certair scaling law thereby modifying the spectral Consider a quasi-homogeneous source whose
distribution of the source in the far zone. While dis- spectrum is a line having gaussian profile
cussinb the sources of errors in spectroradiometry, Siw) //)
Moore [9] has stated emphatically that the spectral V

transrmssion characteristics of monochromators are X exp[ - (w-wao)-/262], , wo. (I)
notonously non-uniform. No suitable explanation of and whose degree of spectral coherence is also pus-
this non-uniform behaviour of monochromator sian and independent of w viz.
transmission was given. On the basis of our experi-
mental observations, it is felt that shifts in the spec- po(r) =exp(-r2/2') , (2a)
tral lines due to source correlation [2.3] may have
some bearing with the unusual behaviour of the and
monochromator transmission. A2o (k) = ( V/T)' exp( -k-"/2), (2b)

0 030-4018/9/S3.50 © Elsevier Science Publishers B.V. 169
(North-Holland Physics Publishing Division)
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where is called effective coherence length and sten halogen lamp was placed at the centre of theI (k) is a three-dimensional Fourier transform of sphere. An aperture of 0.24 cm diameter was put on
gQ(r). Wolf has shown that such a source will emit the surface of the sphere. After multiple reflections.
light whose spectrum in the far zone will be red the light falls on this aperture. (The aperture plane
shifted if the degree of spectral coherence and co- is assigned as source plane 1.) Different filter-lens
herence length is independent of frequency co. In and filter-mirror combinations were used to pro-
general. the spectral profile and degree of coherence duce a secondary source at the focus of the combi-
may not be true gaussian. In such cases a shift may nation (considered as secondary plane II). Aper-
occur on either side of the source spectrum. tures of varying sizes from 0.24 cm to 1.0 cm were

The spectrum of light in the far zone generated by put at the secondary plane II. The spectrum of light
a source represented by eqs. ( I ) and (2) is given by in far zone i.e. in plane III, was recorded with the
S (u) = -Fir)help of a 0.5 m Jarrell-Ash grating monochromator

without and with the apertures. It was observed that
x exp[ - (w= -oo/1a)i2(6/a) t] h (3) without the apertures, the spectrum of light in plane

r aIII was independent of the location of the mono-
where a- I + (3) /c), c being the velocity of light chromator. Insertion of an aperture in plane II made

Eq. (3 ) shows that the emitted light ezone the spectrum shift. Observations with varying ap-
has a gaussian profile. The frequency is not centred erture sizes were made and it was observed that after
at wo but is shifted. a critical size of the aperture the shift disappeared.

It is thus evident that if some correlation exists in The observations were repetitive and reproducible
the light emitted by a source, the spectrum in the far and are presented in table I.
zone is shifted with respect to the source spectrum The circular aperture placed at plane I produced
and the amount of shift depends on the effective cor- a secondary source at plane II. Various combinations
relation length. of filter-lens/mirror were used to eliminate the

wavelength dependence of the complex degree of
spectral coherence which is produced through ap-

3. Experimental results plication of Van Cittert-Zernike theorem. The illu-
mination thus produced in plane 11 violated the scal-

To study the effect of apertures placed in between ing law. Introduction of a circular aperture in plane
the source and monochromator vis-a-vis the corre- 11 helped in modifying the spectrum in the far zone.
lation properties of the source, the experimental set
up (fig. I ) used was an integrating sphere of 0.5 m
diameter coated with BaSO4 paint. A 450 W tung-

ITable I
Spectral shift variation with different aperture

F LTE R - Peak Half Shifted peak transmission
•. LENSM ! transmission band- wavelength (nm) with
[COM iNAl wavelength width secondary aperture

(nm)
Sdia 2.4mm dia 10mm

422.0 9 421.0 422.0
PL.ANE - I PLANE - 2 PLANE Z 484.1 9 483.6 484.1

INPUT SECONDARY FAR FIELD 312.4 5 514.1 124

566.1 13 564.1 566.1
609.1 3 610.3 609.1

Fig I. Experimental arrangement for ralizing secondary source 652.0 8 653.2 6520
with ,arntng degree of spectral coherence.
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4. Discussion herence length produced by the primary aperture, the
shift is less and if a third aperture with a size less than

The above observations reveal that if the size of the coherence length produced by the secondan ap-
the aperture is very small the shift in the spectral line erture is placed at plane IlI, no shift is observed. With
is large and when the aperture size is increased the increase in the size of the aperture at the secondar&
shift reduces, In all spectroradiometric measure- plane we have observed that the shift increases and
ments it is a common practice that small apertures that after a certain size of the aperture the shift dis-
of the size of mm are used on the integrating sphere. appears. The observations are consistent with the
To the best of our knowledge no work has been re- theoretical findings of Wolf.
ported where the partial coherent nature introduced In order to establish that the size of an aperture
b., propagation through the optical system and ren- placed before a radiometer plays a significant role in
dered to the light emitted from the aperture of an spectral power measurements. we have taken obser-
integrating sphere is taken into consideration. The vations by placing a filter having a V"(;.) response
experimental evidence 18] as well as the theoretical before the aperture. Fig. 2 shows the shift in the
stimulatons have, however, indicatedthat dueweight spectral distribution of a lamp-i'G;.) filter combi-
has to bL given to the correlation properties of light nation in presence and in absence of a secondan ap-
emitted b\ the apertures and the effect of correlation erture. The observed spectral shift was 10 nm. In the
propen.\ on the spectrum of the emitted light. If these case of interference filters. the shifts observed were
abote factors are considered. it is expected that par- of the order of their half bandwidth. For V(.) filter.
tiall. coherent light when viewed through interposed however, the shift did not correspond to its large half
optics and monochromator will show a spectral shift. bandwidth but was relative]% very small. We attrib-
The nature and magnitude of the spectral shift will ute the smaller shift with the [(;.) filter to a partial
depend on the optical path and the violation of scal- violation of the scaling law. It was also found that.
ing law for the spectral degree of coherence. This if the size of secondary aperture is more than some
qualitatiely explains the unexpected behaviour in critical size. 1(.) spectral distribution does not
the measurement through a monochromator which change during propagation.
was earlier ignored or was taken as measurement un-
certaint'.. Far reaching consequences of this effect
can be expected throughout the entire electromag- I 0 Ae
netic spectrum. For example the large scatter in the
1974 intercomparison [9] of the spectral irradiance
scale of eight standard laboratories could. to some e e
extent. be attributed to the correlation property of
the light emitted from the integrating sphere and also
due to different optical set ups used by different na- 06 \
tional laoratories.

In a set es of papers. Wolf has shown that if the /
spectral degree of coherence follows scaling law, the LX
far field has the same spectrum as that of the non
coherent light. It means that for a source which is V
effectiebl spatially incoherent i.e. 4-.0 and 02,
A, (k) -. 0. no shift will occur. The above prediction
has been verified by us. It is also evident from the
theor that for a source with luo(r) I = 1. this shift 00 I I I

will be very small but for a partially coherent light 47 490 50 530 5!o 570 59c 60 63Z 65
w hich violates scaling law, the shift is appreciable. In WAuV LENGTM (nra)

our observation we have seen that if the size of the Fig. 2. Spectral distribution of I(i) filter using lens optics (-% i
secondary apertures is less than the size of the co- without secondar aperture and (B) with secondar. aperture
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It is. therefore. concluded that mere placing an ap- Physical Laboratory, New Delhi, for permission to
erture of any arbitrary value makes the spectrora- publish this paper.
diometric and radiometric measurements erroneous.
It should be ensured before taking any measurement
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